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FABRICATION AND STRUCTURE 
OF ELECTRON-EMITTING DEVICES 
HAVING HIGH EMITTER PACKING DENSITY 



10 FI ELD OF USIj 

This invention relates to electron emission. More 
particularly, this invention relates to structures and 
"manufacturing techniques for electron-emitting devices, 
commonly referred to as cathodes, suitable for products 
15 such as cathode-ray tube ("CRT") displays of the flat- 
panel type. 

BACKGROUND ART 
Cathodes can emit electrons by photoemission, 
20 thermionic emission, and field emission, or as the 

result of negative electron affinity. A field-emission 
cathode (or field emitter) supplies electrons when 
subjected to an electric field of sufficient strength. 
The electric field is created by applying a suitable 
25 voltage between the cathode and an electrode, typically 
referred to as the anode or gate electrode, situated a 
short distance away from the cathode. 

Wh en use d _in a flat-panel display such a s a f la t- 
panel television or video monitor, a field emitter 
30 typically contains a group, often a very large group, 
of individual electron-emissive elements distributed 
across a supporting structure. This configuration is 
referred to here as an area field emitter. Busta, 
"Vacuum microelectronics — 1992," J. Micromech. 
35 Microenq. . Vol. 2, 1992, pp. 43-74, describes a 
number of different techniques that have been 
investigated for manufacturing electron-emissive 
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In yet other gated area field emitters, electron- 
emissive particles of various shapes and/or sizes are 
distributed across a supporting layer at the bottoms of 
5 openings that extend through a gate structure overlying 
the supporting layer. Chason, U.S. Patent 5,019,003, 
discloses an example of this type of field emitter. 
Other such examples are disclosed in Thomas et al, U.S. 
Patent 5,150,019; Jaskie et al, U.S. Patent 5,278,475; 

10 and Kane et al, U.S. Patent 5,252,833. 

When a portion of an area field-emission device in 
a flat-panel CRT is actively emitting electrons as the 
result of a suitable applied voltage, the current 
density produced by emitted electrons ideally should be 

15 uniform across the activated portion. In a real field 
emitter, the emission current density typically becomes 
more uniform as the emitter packing density— i.e. , the 
number of electron-emission elements per unit area- 
increases and, correspondingly, as the lateral area 

20 occupied by an electron-emissive element decreases. 

In manufacturing high-quality prior art electron 
emitters, use of technologies such as photolithography 
typically places severe restrictions on the minimum 
lateral size of electron-emissive features such as an 

25 electron-emissive element or an opening for an 

electron-emissive element, especially in a volume 
production environment. More specifically, depth of 
field, sometimes referred to as depth of focus, is 
commonly employed in characterizing radiation-based 

30 patterning techniques such as photolithography. 

Briefly stated, the depth of field is the (maximum) 
distance, measured along the optic axis, across which 
an acceptable pattern can be obtained on a generally 
flat surface situated, generally orthognal to the optic 

35 axis, at any point along that distance. 

The depth of field in photolithography is finite 
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an electron-e^ttin, device in which the t£l ar f 

e surface to he photolithographically petted" 
several square centimeters or more. The flatness of 
the surr.ee being patterned, the presence of fea^L 
on the surface, end the alignment of the surface 
Photolithographic radiation-exposure TolZlZ^ 

"it S Ot0Uth05raPhl ° **" ° f «- significl" r 
limit the mmimu, lateral size of features 

Photolithographicelly defined at the surfec. using a 
single radiation exposure. 9 

Finer photolithographic patterns can be obtains 
by exposing snail parts of the total area to 2 

How" er LcnT"" ^ SePatat * steps. 
However, such an expose-and-move process is time- 

consusrng and therefore expensive because it retires 

re-alig M .e„t and re-focus before each exposure 

Phot ollthogr.phlc.Uy def^ ll^ZlZ^T I 

":::rde„s ^ r th < — 

current density^ Unif0n » 

' fi BffR "' MSffiaSBBB "» T ff- 'm-piTTnil 

The present invention furnishes a set of 
structures end fabrication processes for electron 
emitting devices that typically have high « tee" • 

e"L Jrttitr el ~-"-leme::r in th . 
vJlZl T 0t *"* ll "»»"«> can be of 

various shapes SU ch as fil Me nts, cones, and cone- 
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topped pedestals. The present electron fitters are 
Really of the gated type but can be of the ungated 

^'For example, an ungated area electron emitter in 
accordance with the invention contains a substrate that 
furnishes structural support. A patterned lower 
electrically non-insulating region formed with a group 
of generally parallel lines is provided over 
electrically insulating material of the substrate As 
discussed further below, "electrically non-insulating" 
Lns electrically conductive or electrically resistive 

^"'An electrically insulating layer is provided over 
the lower non-insulating region. A multiplicity of 
electron-emissive filaments are formed in pores 
extending through the insulating layer down to the 
lower non-insulating region. The lower end of each 
electron-emissive filament contacts the lower non- 
insulating region. When a suitable voltage is placed 
Lween (a) part of an anode situated a short distance 
above the electron emitter and (b) a selected one of 
the lines in the lower non-insulating region, the 
filaments situated on the selected line emit electrons 
that are collected at the anode. 

The ungated area emitter is readily converted into 
a gated area emitter by furnishing the structure with a 
patterned electrically non-insulating gate layer that 
lies over the insulating layer. Gate openings extend 
through the gate layer at locations generally centered 
on the electron-emissive filaments. The gate layer is 
controlled in a suitable way to extract electrons from 
the filaments and thereby control the filament-to-anode 

electron current. 

Various fabrication techniques are utilized in 
manufacturing the present electron emitters. Charged- 
particle tracks are preferably employed to define 
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provides a large advance over the prior art. 

Specifically, in fabricating a gated area emitter 
using charged-particle tracks according to one aspect 
of the invention, charged particles are passed through 
5 a track layer to provide the track layer with a 

multiplicity of charged-particle tracks. The track 
layer is etched along the charged-particle tracks to 
create corresponding open spaces through the track 
layer. Electron-emissive elements are then formed at 

10 locations respectively centered on the open spaces in 
the track layer. 

For example, each electron-emissive element can be 
formed in a corresponding one of the open spaces in the 
track layer. Formation of the electron-emissive 

15 elements thereby broadly entails creating the electron- 
emissive elements in such a way that they are 
accessible through the open spaces in the track layer. 
Alternatively, the electron-emissive elements can be 
defined in an emitter region provided below the track 

20 layer. 

A patterned gate layer is subsequently created 
over the electron-emissive elements. Gate openings 
extend through the gate layer in such a way that each 
gate opening exposes one or more of the electron- 

25 emissive elements. Preferably, each gate opening is 
centered on a corresponding one of the electron- 
emissive elements. Various processing techniques that 
key on the electron-emissive elements are employed to 
create the gate openings in this manner. 

30 m another fabrication aspect of the invention 

involving the use of charged-particle tracks, apertures 
are created through a track layer by forming and 
etching charged-particle tracks as described above. At 
this point, the processing sequence diverges from the 

35 first-mentioned fabrication aspect involving charged- 
particle tracks in that gate openings are formed 
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emission current density across the electron emitter. 

The gate layer is typically self -aligned to the 
electron-emissive features. The size and spacing of 
the electron-emissive features is not limited by 
5 technologies such as photolithography. As a result, 
the components of the electron emitter can be 
manufactured at lateral dimensions on the nanometer 
scale. The fabrication processes of the invention are 
also simple. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figs, la - lk are cross-sectional front views 
representing steps in fabricating a gated area field 
emitter according to the invention. 
15 Figs. 2a - 2k are plan views respectively 

corresponding to Figs, la - lk. The cross sections of 
Figs, la - lk are taken through stepped plane 1 - 1 in 
Figs. 2a - 2k. 

Figs. 3a - 3f are cross-sectional front views 
20 representing an alternative set of steps performable on 
the structure of Figs. If and 2f in fabricating a gated 
area field emitter according to the invention. 

Figs. 4a - 4f are plan views respectively 
corresponding to Figs. 3a - 3f . The cross sections of 
25 Figs. 3a - 3f are taken through stepped plane 3 - 3 in 
Figs. 4a - 4f. 

Figs. 5a - 5j are cross-sectional front views 
representing steps in fabricating a gated area field 
emitter according to the invention. 
30 Figs. 6a - 6j are plan views respectively 

corresponding to Figs. 5a - 5 j . The cross sections of 
Figs. 5a - 5j are taken through stepped plane 5 - 5 in 
Figs. 6a - 6 j . 

Figs. 7a - 7e are cross-sectional front views 
35 representing an alternative set of steps performable on 
the structure of Figs. 5i and 6i for manufacturing a 
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portion. 

Figs. 16.1 and 16.2 are expanded cross-sectional 
front views of alternative shapes for electron-emissive 
cones in the present field emitters. 
5 Figs. 17.1 - 17.4 are cross-sectional longitudinal 

views of differently shaped electron-emissive filaments 
usable in the field-emission structures of Figs. Ik, 
3f, and 5j. 

Fig. 18 is a functional diagram for the components 
0 of an electrochemical deposition system used in the 
invention. 

Figs. 19a - 19d are cross-sectional front views 
representing another set of steps performable on the 
structure of Figs. 5f and 6f for manufacturing a gated 
5 area field emitter according to the invention. 

Figs. 20a - 20d are plan views respectively 
corresponding to Figs. 19a -19d. The cross sections 
of Figs. 19a - 19d are taken through stepped plane 19 - 
19 in Figs. 20a - 20d. 
0 Figs. 21a - 21e are cross-sectional front views 

representing yet another set of steps performable on 
the structure of Figs. 5f and 6f for manufacturing a 
gated area field emitter according to the invention. 

Figs. 22a - 22c are cross-sectional front views 
5 representing a set of steps performable on a variation 
of the structure in Figs. 5f and 6f for manufacturing a 
gated area field emitter according to the invention. 

Figs. 23a - 23 j, are cross-sectional front views 
representing steps in fabricating a gated area field 
0 emitter according to the invention. 

Figs. 24a - 24d are plan views respectively 
corresponding to Figs. 23b, 23c, 23f, and 23 j. The 
cross sections of Figs, ,23b, 23c, 23f, and 23j are 
respectively taken through planes 23b - 23b, 23c - 23c, 
t5 23f - 23f , and 23j - 23j in Figs. 24a - 24d. 

Figs. 25a and 25b are cross-sectional side views 
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respectively corresponding to Figs. 23a and 231 for an 

ateT: ent ^ WhiCh ^ 6mitter « ~ZeTy 

doped reg.ons formed in an electrically resistive 

^conductor substrat,. ^ cross sections of Figs. 

Ill and 11 a " reSpeCtive1 ^ **« through planes 23 a - 
23a and 23 3 - 23j in Pigs . 25a an<J 2sfc 

tllo.ll \ Cr ° SS S6Cti0n ° f Pig ' 25b is ta ^n 
through stepped plane b - b in Figs. 23j and 24d. 

Figs. 26 a and 26 b are cross-sectional side views 

e^oL C ° rreSPOndi ^ to "a and 23j 27 „ 

en.bodx.ent in which the emitter lines consist of ne tal 
or conductively doped semiconductor material formed In 
an electrically insulating or resistive suo straT £ 

ZZ ITT " Fi9S ' ^ « respect^ ly 

6 IT IT "\~ 23a - -J - »J in Figs. 



26a and 26b. The cross section of Fig. 2 6a is taken 
n bT: T 3 ^ Pi9 - 23a - - «- » of 

Figs. 27a - 271 are cross-sectional front views 
representing steps in manufacturing a gated arel f T! ld 
emitter that incorporates a focusing eLtrode 
according to the invention. 

Figs. 28a . 28d are cross . section 
representing an alternative set of 

the structure of Fio 27« " PS Performable °* 

area fi.lrt !! 9 * nanufac turing a gat ed 

area f le id emitter that incorporates a focusing 
electrode according to the invention. 

^ reur/^ 29b cross -ectional front views 

cross ss cti o„s ot Figs . _ ^ ™« 
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plane 29 - 29 in Figs. 30a and 30b. The cross sections 
of Figs, 30a and 30b are similarly taken through plane 
30 - 30 in Figs. 29a and 29b. 

Figs. 31a and 31b are cross-sectional front views 
5 representing another set of steps perf ormable on the 
structure of Figs, le and 2e in fabricating an ungated 
area field emitter according to the invention. 

Figs. 32a and 32b are cross-sectional side views 
respectively corresponding to Figs. 31a and 31b. The 
10 cross sections of Figs. 31a and 31b and taken through 

plane 31 - 31 in Figs. 32a and 32b. The cross sections 
of Figs. 32a and 32b are similarly taken through plane 
32 - 32 in Figs. 31a and 31b. 

Like reference symbols are employed in the 
15 drawings and in the description of the preferred 

embodiments to represent the same, or very similar, 
item or items. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

20 The following definitions are used in the 

description below. The "mean diameter" for a two- 
dimensional item of non-circular shape is the diameter 
of a circle of the same area as the non-circular item. 
The "mean diameter" for a three-dimensional item of 

25 non-spherical shape either is the diameter of a sphere 
of the same volume as the non-spherical item or is the 
diameter of a right circular cylinder of the same 
volume as the item. The equal-volume cylinder diameter 
is generally used when the item is cylindrical or 

30 considerably elongated. 

Herein, the term "electrically insulating" (or 
"dielectric") generally applies to materials having a 
resistivity greater than 10 10 ohm-cm. The term 
"electrically non-insulating" thus refers to materials 

35 having a resistivity below 10 10 ohm-cm. Electrically 
non-insulating materials are divided into (a) 
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electrically conductive materials for which the 
resistivity is less than 1 ohm-cm and (b) electrically 
resistive materials for which the resistivity is in the 
range of i ohm-cm to io« ohm-cm. These categories are 
determined at an electric field of no more than 
ivolt//im. 

Examples of electrically conductive materials (or 
electrical conductors) are metals, metal-semiconductor 
compounds (such as metal silicides) , and metal- 
semiconductor eutectics (such as gold-germanium) . 
Electrically conductive materials also include 
semiconductors doped (n-type or p-type) to a moderate 
or high level. Electrically resistive materials 
include intrinsic and lightly doped (n-type or p-type) 
semiconductors. Further examples of electrically 
resistive materials are cermet (ceramic with embedded 
metal particles) , other such metal-insulator 
composites, graphite, amorphous carbon, and modified 
(e.g., doped or laser-modified) diamond. 

The present invention makes use of electrochemical 
deposition in which a material, usually a metal, is 
deposited from an (ionized) electrolyte in a (liquid) 
solvent. Electrochemical deposition is typically 
performed by passing current between a pair of 
electrodes to enable the material to accumulate on one 
of the electrodes. Nonetheless, electrochemical 
deposition can be performed in an electrons manner at 
zero applied potential. 

Referring to the drawings, Figs, la - ik 
(collectively "Fig. i»> and Figs . 2a . 2k (collec 
"Pag. 2«.) illustrate a process for manufacturing a 
gated area field-emission cathode structure using 
charged-particle tracks according to the teachings of 
the invention. The field-emission structure is 

TrTt ?f iT t0 6XCite PhOSPh ° rS °" a f ace > late in ■ 
CRT of a flat-panel display such as a flat-panel 
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television or a flat-panel video monitor for a personal 
computer, a lap-top computer, or a work station. 

The starting point for the fabrication process is 
an electrically insulating substrate 20 typically 
5 consisting of ceramic or glass. Substrate 20 is 

typically configured as a plate having a largely flat 
upper surface and a largely flat lower surface 
substantially parallel to the upper surface. In a 
flat-panel CRT display, substrate 20 constitutes at 

10 least part of the backplate (or baseplate) . 

Substrate 20 furnishes support for the field- 
emission structure. As such, the substrate thickness 
is at least 500 /im. In a 25-cm (diagonal) flat-panel 
CRT display where internal supports are placed between 

15 the phosphor-coated face plate and the field emitter, 
the substrate thickness is typically 1 - 2 mm. If 
substrate 20 provides substantially the sole support 
for the field emitter, the substrate thickness is 
typically 4-14 mm. 

20 A lower electrically non-insulating region 22 is 

formed along the top of substrate 20 as indicated in 
Figs, la and 2a. Lower non- insulating region 22 
usually consists of an electrical conductor, preferably 
a metal such as chromium. In this case, the thickness 

25 of region 22 Is 0.05 - 1.5 jm. Other candidates for 
region 22 include tantalum, tungsten, nickel, and 
molybdenum. Region 22 could also be formed with (a) 
conductively doped (i.e., moderately or heavily doped) 
semiconductor material such as n-type or p-type 

30 silicon, (b) metal-semiconductor compounds such as 
metal silicides, or/and (c) metal-semiconductor 
eutectics such as gold-germanium. 

Lower non-insulating region 22 is typically a 
patterned layer containing a group of parallel lines, 

35 of which two such lines are depicted in Fig. 2a. When 
region 22 is configured in this way, the final field- 
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emission structure is particularly suitable for 
selectively exciting phosphors in a flat-panel display. 
These lines are typically no more than 300 M m wide for 
a 25-cm flat-panel display. Nonetheless, region 22 can 
5 be arranged in various other patterns, or can even be 
unpatterned. 

A largely homogeneous electrically insulating 
track (or track-recording) layer 24 is formed on the 
top of the structure. See Figs, lb and 2b. Parts of 
10 insulating track layer 24 are situated on both 

substrate 20 and lower non-insulating region 22. The 
thickness of layer 24 is 0.1 - 2 jm. Suitable 
dielectric materials for track layer 24 fall into three 
groups: (a) organic polymers such as polycarbonate, 
polystyrene, and cellulose acetate, (b) inorganic 
glasses such as phosphate, silicate, soda-lime, and 
spin-on glasses, and (c) crystals such as mica and 
quartz. Preferably, layer 24 consists of inorganic 
glass having a thickness of l M m. 

insulating track layer 24 is subjected to 
energetic charged particles that impinge on the top of 
layer 24 in a direction largely perpendicular to the 
lower surface of substrate 20 and thus in a direction 
generally perpendicular to the upper structural 
25 surface. The charged particles have sufficient energy 
to form straight tracks through layer 24 at random 
locations across layer 24. The charged-particle tracks 
constitute damaged zones created along the paths of the 
charged particles. Each track has a heavily damaged 
30 core whose mean diameter is in the vicinity of 4 nm 

As shown in Figs, ic and 2c, the tracks consist of (a) 
charged-particle tracks 26, through the portions of 
layer 24 overlying non-insulating region 22 and (b) 
charged-particle 26 2 through the portions of layer 24 
35 directly overlying substrate 20. 

Charged-particle tracks 26, and 26 2 (collectively 
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"26") extend parallel to one another in a direction 
generally perpendicular to the upper structural 
surface. Although charged-particle tracks 26 are 
randomly distributed across insulating track layer 24 , 
5 they have a well-defined average spacing. The track 

density is usually in the range of 10 6 - 10 9 tracks/cm 2 . 
A typical value falls in the narrower range of 10 7 - 10 8 
tracks/ cm 2 which yields an average track spacing of 
approximately 1-3 tm. For illustrative purposes, 

10 only a very small portion of tracks 26 are indicated in 
Figs, lc and 2c. 

The charged particles penetrate into the material 
below insulator 24. Such penetration is not material 
here and, accordingly, is not shown in the drawings. 

15 In a typical implementation, a charged-particle 

accelerator which forms A well-collimated beam of ions 
is employed to form tracks 26. The ion beam is scanned 
uniformly across insulating track layer 24. The 
preferred charged-particle species .is doubly ionized 

20 argon (Ar++) at an energy of 8 MeV. Alternatively, 

tracks 26 could be created from a collimated source of 
nuclear fission particles produced, for example, by the 
radioactive element californium 252. 

Insulating track. layer 24 is brought into contact 

25 with (e.g., by immersion) a suitable chemical etchant 
that attacks the damaged insulating material along 
tracks 26 much more than the undamaged material of 
layer 24. Pores 28 a and 28 2 are thereby etched through 
layer 24 respectively along tracks 26 x and 26 2 . See 

30 Figs, id and 2d. For illustrative purposes, the 

lateral dimensions of pores 2Q X and 28 2 (collectively 
"28") compared to the widths of the lines that form 
conductive layer 20 are greatly exaggerated in the 
plan-view drawings. The remainder of layer 24 now 

35 constitutes homogeneous porous insulating track layer 
24A. . 
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Pores 28 are generally circular in 

hTthT t top v in the pian v±ew ° f *»• -pe„ d i n: 

now the track etching is done, pores 28 can be 
cylindrical or (slightly) conical in three dimensions 
5 For purposes of illustration, pores 28 are represented 
as cylinders in the drawings. The pore diameter can 

lol l. " 10 " * -lue is 

10 does "7 6tChant Creatin? P ° reS 28 Preferably 

does not s.gnificantly attack substrate 20 or non- 

insulating region 22. when components 20, 22 and 24A 

respectively consist of cerate, chromium ana ^ 

15 sLT 3 ^ 0 "" 6 ' ^ GtChing iS d ° ne in 6 ' 25 — al 

i™ r ideat50 ° C - ^^^^essthan 
S :L 6 d T f ^ Sickness, 

formed ^ ^^"^"^ve metal fiWnts 30 are 
formed in pores 28,, whl ch overlie non-insulating 

a=pcsiti„„ ie perf.,™,, in „„ eleotroch 
ascribed below. i„ whi eh non-insulating region 

rnto contact with the cen electrolyte L acx^atC 
" the cell, current fl o.e between cathode 22 anaT 

separate a no ae. The fi la„ent materia! TOlfo r.l y hollas 
CP in pores 28l starting f ro* non-insulating region 22 
The lower enas o f meeent. 30 contact region 22 
Substantially none of the filaeent .aterlal 
heT" T ^ ^ " 2 =^trate 2 „ 

or pores 283 . In Plg . the dark oiro 
ma»ents 3 „ ln filled pores , „ hUe 
Circles represent empty pores 2 e 2 . The use of 
5 "-""v 22 ss the cathoae auring the 

electronical apposition enables the aeposition to be 
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selective. 

The electrochemical deposition is typically 
performed for a time sufficient to enable the upper 
ends of pores 30 to be nearly coplanar with the top of 
5 porous track layer 24A. This situation is illustrated 
in Fig- le. The deposition can, however, be performed 
for a longer time so that filaments 30 bulge slightly 
out of pores 28 x or for a shorter time so that the 
upper ends of filaments 30 are significantly below the 

10 top of layer 24A. 

The upper ends of filaments 30 are preferably 
formed with a noble metal. In a typical 
implementation, the upper ends of filaments 30 consist 
of platinum when non-insulating region 22 is chromium. 

15 Other candidate noble metals for the upper filament 

ends are gold and palladium. The remaining portions of 
filaments 30 typically consist of the same (noble) 
metal as the upper ends but can be formed with another 
metal such as nickel, copper, cobalt, molybdenum, or 

20 niobium. 

Elements 3 0 are true filaments for which the ratio 
of length to maximum diameter is at least 2 and 
normally at least 3. The length-to-maximum-diameter 
ratio is preferably 5 or more. Filaments 30 are 

25 typically cylinders of circular transverse cross 

section. Nonetheless, the transverse cross section can 
be somewhat non-circular. In any case, the ratio of 
maximum diameter to minimum diameter for each filament 
30 is usually no more than 2. 

30 Filaments 30 are all of substantially the same 

length. The filament length is 0.1 - 2 /m, typically 1 
Mm. In this regard, the average track spacing and, 
consequently, the average filament spacing are arranged 
to be somewhat greater than the filament length. 

35 !n order to create a gate electrode for the 

structure, electrically conductive caps 32 are 
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electrochemically deposited respectively on filaments 
30. see Figs, if and 2f . caps 32 are generally 
circular in shape as viewed from the top in Pig. 2 f . 
Each cap 32 is centered on the upper end of 
5 corresponding filament 30. Along the upper surface of 
track layer 24A, each cap 32 also reaches a greater 
diameter than underlying filament 30. As a result 
each cap 32 has a lateral periphery that encloses tte 
lateral periphery of underlying filament 30 along the 
10 top of layer 24A. Typically, the average diameter of 
caps 30 along the top of layer 24A is at least 1.5 
times the average diameter of filaments 30. 

The electrochemical deposition to create caps 32 
as performed in an electrochemical cell, again 
described below, in which filaments 30 (attached to 
non-insulating region 22) act as a cathode. After the 
structure has been brought into contact with the cell 
electrolyte and the cell has been activated, current 
flows between filaments 30 and a separate anode. The 
cap material thereby builds up on filaments 30 until 
the desired cap diameter is reached. 

Caps 32 consist of a metal different from the 
filament metal along the upper ends of filament 30. ir 
particular, the cap metal is selectively etchable with 
respect to the directly underlying filament metal. 
When filaments 30 consist of platinum, caps 32 are 
formed with a metal such as silver whose half-cell 
potential is less positive than that of platinum. 

Next, part of the thickness of porous track layer 
24A is uniformly removed along the top of layer 24A to 
produce the structure shown in Pigs, ig and 2g. item 
24C is the remainder of porous track layer 24A As 
illustrated in Pig. lg , caps 32 are verticaUy 
separated from remaining track layer 24C 

The track-material removing step is "performed with 
an etchant that does not significantly attack the 
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filament or cap metal. Likewise, the etchant does not 
significantly attack substrate 20 or non- insulating 
region 22. The etching is conducted for a time 
sufficient to remove approximately 0.3 Jim of the 
5 thickness of the track material. 

Electrically non-insulating gate material is now 
deposited on top of the structure to a thickness less 
than the removed thickness of the porous material. The 
gate-material thickness is typically 0.1 /im. The 

10 deposition is performed in a direction largely 

perpendicular to the lower surface of substrate 20 and 
thus in a direction generally perpendicular to the 
upper structural surface. As indicated in Figs, lh and 
2h, a layer 34A of the gate material thereby 

15 accumulates on the portion of track layer 24C not 

shielded by caps 32. A layer 34B of the gate material 
likewise normally accumulates on each cap 32. 
Importantly, caps 32 prevent substantially any of the 
gate material from accumulating on the portions of 

20 track layer 24C below caps 32. 

The criteria for selecting the gate material 
normally an electrical conductor, depends on the 
technique utilized below for removing caps 32. If the 
cap removal is done electrochemically, non-insulating 

25 layer 34A which later becomes the gate electrode can be 
electrically protected. As a result, the gate material 
can generally be any metal that is not highly reactive. 
Suitable candidates include molybdenum, copper, and 
aluminum. 

30 If chemical or plasma etching is used for the cap 

removal, the gate material consists of a metal 
different from the cap metal, in particular, the cap 
metal must be selectively etchable with respect to the 
gate material. The gate material could also be 

35 conductively doped semiconductor material, provided 
that the selective etchability requirement is, as 



-21- 



WO 95/07543 PCT/US94/09762 



appropriate, met. 

An evaporative deposition technique is typically 
used to form non-insulating layers 34A and 34B. The 
evaporative deposition is performed at low pressure in 
5 a suitable vacuum chamber. Layers 34A and 34B could 

also be formed by other direction-controllable physical 
deposition techniques such as sputtering. 

Caps 32 are removed with an etchant that attacks 
the cap metal much more than the gate material or the 

10 filament metal at the upper ends of filaments 30. In 
so doing , non-insulating portions 34B are 
simultaneously removed. When regions 30, 32, and 34A 
respectively consist of platinum, silver, and 
molybdenum, the etching is typically performed by an 

15 electrochemical process in which non-insulating layer 
34A is held at a different potential than caps 32. 
This is achieved by applying one potential to non- 
insulating layer 34A and another potential to lower 
non-insulating region 22. Alternatively, as mentioned 

20 above, caps 32 and overlying non-insulating portions 
34B can be removed with a chemical or plasma etchant. 

Figs, li and 2i show the resultant structure in 
which the upper ends of filaments 30 are now exposed. 
Patterned upper non-insulating layer 34A now 

25 constitutes the gate electrode for the field-emission 
structure. Gate electrode 34A has gate openings 36 
respectively centered on filaments 30. Due to the 
protection supplied by caps 32 during the gate-material 
deposition, each gate opening 36 is wider than 

30 corresponding filament 30. Consequently, gate 

electrode 34A is laterally separated from filaments 30. 

The cathode/gate structure of Figs, li and 2i can 
be utilized directly as a field emitter. Nonetheless, 
it is advantageous for filaments 30 to extend out of 

35 the track material and for the upper ends of filaments 
30 to be sharpened. 
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To this end, portions of porous track layer 24C 
exposed through openings 36 are removed with an 
isotropic etchant to form cavities 38 respectively 
around filaments 30. See Figs, lj and 2j. The 
isotropic etchant used to create cavities 38 does not 
significantly attack any other portions of the 
structure. Filaments 30 now protrude outward beyond 
the remainder 24D of porous track 24C. Each cavity 38 
is considerably wider-i.e., has a considerably greater 
maximum transverse cross-sectional area—than 
corresponding pore 28 x . 

cavities 38 typically extend partway down to lower 
non-insulating region 22. This situation is 
illustrated in Fig. lj. However, cavities 38 can 
extend all the way down to region 22. In either case, 
by appropriately choosing the fabrication parameters, 
track layer 24D is sufficient for supporting gate layer 
34A. 

An electropolishing and etching operation is 
performed to tailor and sharpen the upper ends of 
filaments 30. The electropolishing, which is done 
first, rounds the upper ends of filaments 30 and 
reduces their length somewhat. The etch sharpens the 
rounded filament ends. 

The electropolishing is performed in an 
electrolytic cell in which filaments 30 constitute the 
anode. After bringing the structure of Figs, lj and 2j 
into contact with the cell electrolyte, a suitable 
potential is applied between (a) filaments 30 by way of 
non-insulating region 22 and (b) a cathode plate, 
typically gate layer 34A, to cause current to flow 
between filaments 30 and the cathode plate. The 
electropolishing is typically conducted in an 
operational regime where the rate of metal removal 
35 increases with increasing electric field strength. 
Because the highest electric field, and thus the 
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greatest material removal rate, for each filament 30 
occurs at the outer top filament edge, the upper ends 
of filaments 30 become rounded. 

By arranging the lower surface of substrate 20 to 
be approximately parallel to the cathode plate in the 
electrolytic cell, the upper ends- of the longer ones of 
filaments 30 experience the highest electric fields 
More material is thereby removed from the upper ends of 
the longer ones of filaments 30 than from the shorter 
ones during the electropolishing. Accordingly, the 
electropolishing also enables filaments 30 to become 
more uniform in length. 

The filament etch is also typically done by 
bringing the field-emission structure into contact with 
the electrolyte of an electrolytic cell in which 
filaments 30 constitute the anode to which a driving 
voltage is applied via non-insulating region 22. The 
rate of metal removal varies with electric field 
strength and filament morphology in such a way that the 
rounded upper ends of filaments 30 become pointed. The 
etch can also be done according to a chemical 
technique, if the. etch is done by a chemical technique 
rather than an electrochemical technique, undesired 
etching of gate layer 34A can be avoided by applying an 
appropriate voltage to layer 34A and/or making suitable 
materials selection. Pigs . lk and 2k illustrate ^ 
final field emitter in which sharpened filaments 30B 
are the remainders of filaments 30. 

An electropolishing step is also typically 
performed to round the edges of patterned gate layer 
34A overlying cavities 38. Layer 34A acts as the anode 
during this step, while filaments 30B serve as the 
cathode via non-insulating region 22. Patterned gate 
layer 34B in Figs, ik and 2k is the edge-rounded 
remainder of gate layer 34A. 

Figs. 3a - 3 f (collectively "Fig. 3 «) and Figs. 4a 
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- 4f (collectively "Fig. 4") , depict an alternative 
group of steps for providing the cathode structure of 
Figs. If and 2f with a self -aligned gate structure. 
Figs. If and 2f are repeated here as Figs. 3a* and 4a. 
5 In this alternative, the thickness of porous track 
layer 24A is typically 0.5 pin. 

A blanket layer 40 of electrically non- insulating 
gate material is deposited on porous track layer 24A 
and caps 32 along the top of the structure. See Figs. 
10 3b and 4b. The thickness of layer 40 is typically 0.1 
jun. 

The gate material usually consists of an 
electrical conductor, preferably a metal selectively 
etchable with respect to the cap metal. Platinum can 

15 be utilized for the gate metal. As long as the 

selective etchability requirement is met, the gate 
material could consist of other metals or/and 
conductively doped semiconductor material. Various 
techniques can be employed for the gate-material 

20 deposition provided that the thickness of the portion 
of gate-material layer 4 0 above track layer 24A is 
relatively uniform. 

The portions of gate-material layer 40 overlying 
caps 32 are removed in a planar izat ion operation by 

25 which the combination of caps 32 and layer 40 is 

provided with a largely flat upper surface. In so 
doing, small upper portions of caps 32 are also 
removed. Figs. 3c and 4c depict the resulting 
structure in which items 32A are the remainders of caps 

30 32. Item 40A is the remainder of gate-material layer 
40. 

The planarization operation is performed in 
several steps. Firstly, a flowable material such as 
photoresist is deposited on the top of the structure. 
35 Secondly, the flowable material is flowed so that its 
upper surface becomes largely planar. Thirdly, an 
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etchback is performed with an etchant that attacks the 
flowabie material and the gate material at 
approximately the same rate. The etchback is 
terminated when all of the flowabie material has been 
removed. Because the etchant attacks the gate material 
at approximately the same rate as the flowabie 
material, the upward-protruding portions of gate- 
material layer 40--i.e., the' portions overlying caps 
32 — are simultaneously removed. 

Caps 32A are removed with an etchant that does not 
significantly attack filaments 30 or non-insulating 
layer 40A. See Pigs. 3d and 4d. Layer 40A, which now 
constitutes the gate electrode for the structure, has 
gate openings 42 respectively centered on filaments 30. 
Because each cap 32 was wider than corresponding 
filament 30, gate layer 4 OA is laterally separated from 
filaments 30. 

As with the cathode/gate structure of Figs, li and 
2i, the cathode/gate structure of Figs. 3d and 4d can 
be employed directly as a field emitter. However, it 
is similarly advantageous to further process the 
structure of Figs. 3d and 4d in the same manner as that 
of Fig. li and 2i. Accordingly, portions of porous 
track layer 24A exposed through openings 42 are removed 
25 with an isotropic etchant to form cavities 44 around 

filaments 30 as shown in Figs. 3e and 4e. Filaments 30 
protrude outward beyond the remainder 24E of porous 
track layer 24A. Each cavity 44 is considerably wider 
than corresponding pore 28J. 

Cavities 44 typically extend partway down to non- 
insulating region 22. Fig. 3e illustrates this 
situation. As in the fabrication process of Figs, l 
and 2, cavities 44 can also extend fully down to region 
22. 

An electropolishing and etching operation is 
performed to adjust and sharpen the upper ends of 
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filaments 30. See Figs. 3f and 4f. Items 30B again 
are the sharpened remainders of filaments 30. An 
additional electropolishing step is typically also done 
to round the edges of patterned gate layer 4 OA 
5 overlying cavities 44. Item 40B in Figs. 3f and 4f is 
the edge-rounded remainder of gate layer 4 OA. 

Figs. 5a - 5j (collectively "Fig. 5") and Figs. 6a 
- 6j (collectively "Fig. 6") illustrate a further 
process for manufacturing a gated area field-emission 

10 structure using charged-particle tracks according to 
the invention. This field emitter is structurally 
similar to both that of Figs. Ik and 2k and that of 
Figs. 3f and 4f . Likewise, the field emitter 
fabricated according to the process of Figs. 5 and 6 is 

15 typically used for exciting phosphors in a flat-panel 
CRT display. 

The starting point again is insulating substrate 
20 over which non-insulating region 22 is provided. 
See Figs. 5a and 6a. Substrate 20 and region 22 have 
20 the characteristics given above. In particular , region 
22 typically contains a group of largely parallel 
lines, two of which are shown in Fig. 6a. 

Insulating track layer 24 is again formed on top 
of the structure. See Figs. 5b and 6b. Layer 24 
25 likewise has the characteristics given above since 

charged-particle tracks are later formed through it. 

At this point, the process of Figs. 5 and 6 
deviates from the earlier-described fabrication 
processes of the invention. A blanket electrically 
3 0 non-insulating layer 46, which later becomes the gate 
electrode, is formed on the top of insulating layer 24 
as indicated in Fig. 5b. Non-insulating layer 46 is 
typically 0.05 in thickness. Layer 46 consists of a 
metal such as molybdenum, copper, or aluminum. Layer 
35 46 could also be formed with conductively doped 

semiconductor material. The method for creating layer 
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46 is not particularly critical as long as its 
thickness is relatively uniform. Layer 46 is typically 
formed by a physical vapor deposition technique. 

A further electrically insulating track (or track- 
recording) layer 48 is formed on the top of non- 
insulating layer 46. Again see Pig. 5b. Insulating 
track layer 48 is in the range of 0.2 - 0.5 /xm in 
thickness, as with insulating layer 24, insulating 
layer 48 consists of (a ) an organic polymer such as 
polycarbonate, polystyrene, or cellulose acetate, 
(b) an inorganic glass such as phosphate, silicaie 
soda-lime, or spin-on glass, or (c) a crystal such as 
mica or quartz. Although there are some 
implementations in which layer 48 consists of the same 
insulator as layer 24, layer 48 is normally formed with 
an insulator that is selectively etchable with respect 
to layer 24. • 

The structure is now subjected to energetic 
charged particles that impinge on the top of insulating 
track layer 48 in a direction largely perpendicular to 
the (unshown) flat lower surface of substrate 20 and 
thus in a direction generally perpendicular to the 
upper structural surface. The charged particles pass 
through layers 48, 46, and 24 and into the underlying 
material to form straight tracks through track layers 
24 and 48 at random locations. Fi g S . 5 c and 6c 
illustrate the track formation. The charged-particle 
tracks again constitute damaged zones along the 
particle paths. 

The charged-particle tracks are indicated by 
reference symbols beginning with »50» in Pigs. 5c and 
6c. Each track is divided into (a) a "50A" segment 
extending through insulating layer 24 and (b) a . 50B - 
segment extending through insulating layer 48 in a 
straight line with the 50A segment. Although the 
charged particles pass through non- insulating layer 46 
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they do not significantly damage layer 46 and therefore 
do not create charged-particle tracks through layer 46. 
The tracks fall into two categories: (a) segments 50A X 
and 50B 1 (collectively "50 1 ") extending respectively 
5 through portions of layers 24 and 48 overlying non- 
insulating region 22 and (b) segments 50A 2 and 50B 2 
(collectively "50 2 n ) extending respectively through 
portions of layers 24 and 48 not overlying region 22.. 

As with charged-particle tracks 26 in the previous 
10 fabrication processes of the invention, charged- 
particle tracks 50 1 and 50 2 (collectively "50") extend 
parallel to one another in a direction generally 
perpendicular to the upper structural surface. Tracks 
50 have the same characteristics — e.g., size and 
15 spacing — as tracks 26. Tracks 50 are also formed in 
the same way as tracks 26. To simplify the 
illustration, only a small portion of tracks 50 are 
indicated in Figs. 5c and 6c. 

The damaged insulating material along track 
20 segments 50B in insulating track layer 48 is removed by 
bringing layer 48 into contact with a suitable chemical 
etchant that attacks the damaged 5 0B track material 
much more than the undamaged material of layer 48. As 
a result, generally circular pores are etched through 
25 layer 48 along segments 5 0B down to non-insulating 
layer 46. The etchant preferably does not 
significantly attack any of the other parts of the 
field-emission structure* 

The etch is continued into the largely undamaged 
30 material of insulating track layer 48 to broaden the 

pores. Apertures S2 X and 52 2 are thereby respectively 
created along track segments 50B a and 50B 2 . See Figs. 
5d and 6d. Apertures 52 x and 52 2 (collectively "52") 
expose corresponding portions of the upper surface of 
35 non-insulating layer 46. The etch is performed in a 
laterally uniform manner. Accordingly, each aperture 
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52 is centered on the location of corresponding track 
segment 50B. T n e thickness of layer 48 is also reduced 
during the etch. 

The second part of the insulating-material etch 
can be done with the etchant used during the first part 
or with another etchant. i„ either case, components 
20, 22, 24, and 46 are not significantly attacked 
during the second part of the etch. Apertures 52 
thereby reach an average mean diameter of 15 - 300 nm 
typically 140 nm, along the bottom of the reduced- ' 
thackness remainder 48A of insulating track layer 48 
The aperture diameter is substantially the same for all 
of apertures 52. 

Apertures 52 are generally circular in shape as 
viewed from the top in the plan view of Fig. 6d 
Apertures 52 are also usually somewhat wider at the top 
than at the bottom as indicated in Pig. 5d . The reason 
for slanting apertures 52 in this way is to facilitate 
subsequent reactive-ion etching of non-insulating layer 
46. The aperture slope is obtained by using etchant 

damaged track material is attacked to the rate at which 
the undamaged track material is attacked-is relatively 
low— e.g., io or less. 

Apertures 52 2 , which are formed as a by-product of 
creating apertures 52,, do not serve any useful purpose 
in the emitter fabrication process, if desired, the 
formation of apertures 52 2 and the additional (non- 
useful) features subsequently produced as a result of 
apertures 52 2 can be suppressed. For example, during 
the etching of track layer 48, a suitable mask can be 
utilized to cover track segments 50B 2 . 

Using track layer 48A as an etch mask, the 
portions of non-insulating layer 46 exposed through 
auertures 52 are removed with an anisotropic etchant to 
create generally circular openings down to track layer 
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24. Figs. 5e and 6e depict the consequent structure in 
which gate openings 54 x extend through the portions of 
layer 46 located above non-insulating region 22, while 
further gate openings 54 2 extend through the portions 
5 of layer 46 not overlying region 22. The remainder 46A 
of layer 46 is the patterned gate electrode for the 
field emitter. The anisotropic etch is typically done 
according to a reactive-ion-etch technique. 

The etchant utilized to create openings 54 a and 54 2 
10 (collectively "54") is controlled in such a way as to 
avoid significantly attacking other parts of the 
structure. Due to the anisotropic nature of the etch, 
each opening 54 is of largely the same transverse 
shape — i.e. generally circular — and of nearly the same 
15 diameter as corresponding aperture 52 (along the bottom 
of track layer 48a) . Each opening 54 is vertically 
aligned with corresponding aperture 52. Since each 
aperture 52 is centered on the location of 
corresponding track segment 5 OB, each opening 54 is 
20 also centered on the location of corresponding segment 
50B. 

Track layer 48A is usually removed at some point 
subsequent to the creation of openings 54. As, for 
example, indicated in Figs. 5f and 6f , layer 48A could 
25 be removed directly after openings 54 are formed. 

With portions of the upper surface of insulating 
track layer 24 now exposed at track segments 50A, the 
structure is brought into contact with a chemical 
etchant that attacks the damaged material along 
30 segments 50A much more than the undamaged material of 

layer 24. Pores 2S X and 28 2 are thereby created through 
layer 24 respectively along track segments 50A 1 and 50A 2 
as indicated in Figs. 5g and 6g. Pores 28 x and 28 2 
(again collectively "28") have the same 
35 physical/spatial characteristics, described above, as 

pores 28 in the previous manufacturing processes of the 
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formation and etching, filaments 30 are self -aligned to 
openings 54 x and therefore to gate electrode 46A. 

The cathode/ gate structure of Figs. 5h and 6h can 
be utilized directly as a field emitter. Nonetheless, 
5 it is again advantageous for filaments 30 to have 
sharpened tips that protrude out of the porous 
material. Accordingly, the structure of Figs. 5h and 
6h is further processed in the way described above for 
the other gated field emitters of the invention. 

10 Portions of porous track layer 24A exposed through 

gate openings 54 a are removed with an isotropic etchant 
to form cavities S6 1 around filaments 30 as indicated 
in Figs. 5i and 6i. Because gate layer 46A also has 
openings 54 2 , portions of layer 24A exposed through 

15 openings 54 2 are simultaneously removed to form 

cavities 56 2 . Cavities 56 x and 56 2 (collectively n 56 n ) 
can extend partway, or all the way, down to lower non- 
insulating region 22. Fig. 5i indicates the former 
case. In both cases, filaments 30 now protrude; outward 

20 beyond the remainder 24F of porous track layer 24A. 

The upper ends of filaments 30 are sharpened by 
performing an electropolishing and etching operation. 
An electropolishing step to round the edges of 
patterned gate layer 46A overlying cavities 56 2 

25 completes the basic fabrication of the field emitter. 

Figs. 5j and 6j show the final structure in which items 
30B are the sharpened remainders of filaments 30. Item 
46B again is the edge-rounded remainder of gate layer 
46A. 

30 Because electron-emissive elements 3 0B are formed 

by a process that involves electrochemically filling 
pores 2B 1 with metal and then (as desired) removing 
part of the metal to form sharpened tips, the upper 
ends of elements 3 0B are normally situated below the 

35 bottom of patterned gate layer 46A or 46B. In certain 
applications, it is desirable for the electron-emissive 
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depicted in Pig. 7c. Metal tips 88A 1 are preferably 
created according to a physical deposition technique, 
such as evaporation, in which atoms of the tip metal 
are directed toward the top of the field-emission 
5 structure in a direction largely perpendicular to the 
lower surface of substrate 20 and thus in a direction 
largely perpendicular to the top of gate layer 46A. As 
a result, atoms of the tip metal pass through gate 
openings 54 x to form tips 88AJ. 

10 During the tip deposition, annular portions BBB X 

of the tip metal respectively accumulate around 
filaments 30 at the bottoms of cavities 56 2 . Atoms of 
the tip metal also pass through gate openings 54 2 (not 
shown) to form pieces (not shown) of the tip metal 

15 along parts of insulating layer 24F exposed through 

cavities 56 2 (also not shown) . These pieces of the tip 
metal do not contact lower non-insulating region 22. 
Accordingly, they do not affect the electrical 
operation of the final field emitter. 

20 A layer 88C of the tip metal accumulates on lift- 

off layer 86 during the tip deposition. As the 
thickness of layer 88C increases, layer 88C typically 
grows slightly in the lateral direction. Although this 
lateral growth gradually reduces the size of the 

25 openings through which the tip metal can deposit on 
filaments 30 and does affect the shape of metal 
portions 88B 1# the deposition of the tip metal is 
terminated before the tip-deposition openings through 
layer 88C become so small that the tip metal starts to 

30 accumulate non-unif ormly (e.g., to start forming 
conically-ended tips) on the upper surfaces of 
filaments 30. 

The combination of each filament 30 and overlying 
tip 88A2 forms a composite lengthened electron-emissive 

35 filament. Fig. 8a presents an enlarged view of one of 
lengthened filaments 30/88A! at the stage depicted in 
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performed in the manner described above to round the 
edges of gate layer 46A overlying cavities 56 x . 
Patterned gate electrode 46B in Fig. 7e is the rounded- 
edge remainder of gate layer 46A. 

5 The mean diameter of the base of each metal tip 

88D 1 in Fig. 7e is the same as the mean diameter of 
underlying filament 30. Alternatively, filamentary 
electron-emissive elements with conical tips can be 
created in which the mean diameter at the base of each 

10 tip is considerably greater than the mean diameter of 
the underlying filament. Figs. 9a - 9h (collectively 
"Fig. 9") illustrate a sequence of fabrication steps by 
which the process of Figs. 5 and 6 is modified starting 
at the stage shown in Figs. 5f and 6f to create a gated 

15 field emitter having conically pointed filamentary 

electron-emissive elements whose tips are respectively 
wider at their bases than the underlying filamentary 
segments. Fig. 5f is repeated here as Fig. 9a. 

Portions of insulating track layer 24 exposed 

20 through gate openings 54 x are removed with an isotropic 
chemical et chant to form cavities 94 x that extend 
partway, but not all the way, through layer 24 as shown 
in Fig. 9b. Portions of layer 24 exposed through gate 
openings 54 2 (not shown) are simultaneously removed to 

25 form cavities 94 2 (likewise not shown) that extend 

partway through layer 24. Each of cavities 94 x and 94 2 
(collectively "94") extends slightly under gate layer 
46A. 

The etchant preferably attacks the damaged 
30 material along track segments 50A at approximately the 
same rate as the undamaged insulating material of track 
layer 24. Consequently, the portion of each track 
segment 50A, of which only segments 50A 1 are shown in 
Fig. 9b, at the bottom of corresponding cavity 94 is 
35 not significantly attacked during the etch. The 

remainder of insulating track layer 24 is indicated as 
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item 24G in Pig. 9 b. 
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Consequently, the electrochemical nature of the process 
enables the deposition to be selective even through 
there is a gate opening for each pore 96. 

Filaments 98 can be formed with a noble metal such 
5 as platinum, gold, or palladium. The filament metal 
can also be a non-noble metal such as nickel, copper, 
cobalt, molybdenum, or niobium. 

Metal filaments 98 have the same basic length, 
diameter, length-to-diameter, and cross-sectional 
10 characteristics as filaments 30. In particular, the 
length-to-maximum-diameter ratio for filaments 98 is 
preferably 5 or more. Although a comparison of Pig. 9d 
to Fig. 5i might seem to indicate that filaments 98 are 
shorter than filaments 30, filaments 98 can be made 
15 longer than filaments 30 by increasing the thickness of 
track layer 24 and appropriately controlling the depth 
of the cavity etch. As with filaments 30, the 
centering that results from the track formation and 
etching enables filaments 98 to be self -aligned to gate 
20 openings 54 2 and thus to gate layer 46A. 

A thin masking layer 100 of a lift-off material is 
formed on the field-emission structure in such a manner 
that the lift-off material fully covers gate layer 46A 
but does not cover the tops of filaments 98. See Fig. 
25 9e. Lift-off layer 100 is preferably created according 
to the technique used to create lift-off layer 86 in 
the fabrication process of Fig. 7. 

A tip metal is introduced through gate openings 
54 2 into cavities 94 x to form pointed, generally conical 
30 metallic tips 102 x that respectively contact filaments 
98 as indicated in Fig. 9f . The tip metal is normally 
the same as in the process of Fig. 7. 

The mean base diameter of each metallic tip 102 x 
is normally greater than the diameter of underlying 
35 filament 98. Consequently, tips 102 x extend laterally 
• over adjoining portions of track layer 24H. The mean 
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A composite layer 104 of the tip and closure 
materials accumulates on lift-off layer 100 during the 
tip deposition. Because the impingement angle for the 
closure material is less than 90° , composite layer 104 
5 expands laterally as its thickness increases so as to 
progressively close the openings through which the tip 
metal can accumulate to form tips 102 1 . The deposition 
is conducted for a time sufficiently long that the tip- 
deposition openings through layer 104 close fully, and 

10 layer 104 becomes a continuous film. Tips 102 2 are 

thus formed in the shape of cones respectively centered 
on filaments 98. Accordingly, tips 102 x are self- 
aligned to gate openings 54 x . Each filament 98 and 
overlying metal cone 102 a form a composite electron- 

15 emissive element. 

Lift-off layer 100 and composite layer 104 are 
removed in a conventional manner. Fig. 9g illustrates 
the resulting structure. 

The final step in the fabrication process is to 

20 round the edges of gate layer 46A overlying cavities 
94 x as shown in Fig. 9h. The edge rounding is 
preferably done by an electropolishing step in the way 
described above. Again, item 46B in Fig. 9h is the 
rounded-edge remainder of gate layer 46A. Each cavity 

25 94 x and underlying pore 96 a form a dielectric open space 
for corresponding electron-emissive element 9 8/ 102 a . 
Since pores 96 x are distributed randomly across track 
layer 24H, electron-emissive elements 98/102 2 are 
situated at random locations above non-insulating 

30 region 22. 

The metal portions that connect lower non- 
insulating region 22 to conical tips 88D 2 and 102 2 in 
the structures produced according to the fabrication 
processes of Figs. 7 and 9 have been described as 

35 filaments. However, these metal portions could simply 
be metallic pedestals that do not necessarily have the 
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layer 86 in the fabrication process of Fig. 7. 

A cone metal is introduced through gate openings 
54 j into cavities 114 1 to form generally conical 
electron-emissive elements 1182 on non- insulating 
5 region 22. See Figs. lOd and lid. Electron-emissive 
cones 1183^ are preferably formed according to the 
double-source physical deposition technique used to 
create filament tips 102! in the process of Fig. 7. 
The tip metal in the process of Fig. 7 is now the cone 
10 metal. Some of the cone metal also passes through gate 
openings 54 2 to form metal portions 118 2 in cavities 
114 2 . Metal portions 118 2 do not contact lower non- 
insulating region 22 and therefore do not affect the 
electrical operation of the final field emitter. 
15 During the cone deposition, a composite layer 120 

of the cone and closure materials accumulates on lift- 
off layer 116 in the same manner that composite layer 
104 is formed in the fabrication process of Fig. 9. 
The cone-deposition openings through which the cone 
20 metal enters cavities 114 close in a substantially 

uniform manner. As a result, tips 118! are formed in 
the shape of electron- emissive cones self-aligned to 
gate openings 54 x . . The mean base diameter of each cone 
11 8 x is the same as, or slightly larger than, the mean 
25 diameter of corresponding gate opening 54j. 

Layers 116 and 120 are removed in a conventional 
manner. Figs. lOe and lie depict the resulting 
structure. Because openings 54 x are situated at random 
locations across gate layer 46A, electron- emissive 
30 cones 118! are located in random places above non- 
insulating region 22. An electropolishing step may be 
performed in the manner described above to round the 
edges of the remainder 46A of gate layer 46. 

Various modifications involving the lift-off 
35 layers can be made to the processes of Figs. 7-11. 
Instead of creating a lift-off layer by an angled 
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deposition on top of gate layer 46A after cavities 56, 
94, or 114 have been formed in insulating track layer 
24, the lift-off layer can be provided at an earlier 
stage in the process. For example, the lift-off layer 
can be deposited on gate layer 46 at the beginning of 
the process before the deposition of further layer 48 
in Pig. 5b. with the lift-off layer now situated 
between layers 46 and 48, the lift-off layer undergoes 
the same operations that track layer 48 undergoes 
except that the lift-off layer is not removed when the 
etched remainder 48A.of layer 48 is removed, m fact 
the lift-off layer could even consist of layer 48A ' 

Gate openings 54 can alternatively be created by 
etching through holes whose diameter is considerable 
smaller than openings 54 rather than using apertures 52 
whose diameter is approximately the same as openings 
54. Figs. 12a and 12b depict how this alternative is 
implemented, starting from the structure of Fig 5c 

After charged-particle track segments 50B are* 
created through insulating layer 48, relatively narrow 
pores 58, are created along track segments 50B, by 
bringing the structure into contact with an etchant 
that attacks the damaged material of insulating layer 

extend down to non-insulating layer 46 as depicted In 

liln ?" R6latlVely narrow ^es 58 2 (not shown) are 
similarly created along track segments 50B 2 down to 
layer 46. item 48B in Fig. 12a is the refflainder Qf 
insulating layer 48. 

throuahV° rti ° nS ° f n0n - insUlati "9 ^yer 46 exposed 
through pores S8 X are then removed with an isotropic 
etchant that attacks layer 46 much more than insulatino 
layers 24 and 48B to form openings 54, down to^ 

• Due to the isotropic nature of the etch, openings 
54 extend slightly under layer 48B as shown in Fig. 
"b. The portions of layer 46 exposed through openings 
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58 2 are simultaneously removed to create openings 54 2 
(not shown) in the same way as openings 54 1# Item 46A 
is again the remainder of layer 46. From this point 
on, the structure is further processed in the manner 
5 described above for Figs. 5f - 5j. 

Figs. 13.1 and 13.2 illustrate the starting point 
for manufacturing implementations of the present field 
emitter in which lower non- insulating region 22 
consists of an electrically conductive layer 22A 

10 situated under an electrically resistive layer 22B. As 
shown in Fig. 13.2, each of the lines that form region 
22 consists of segments of both of layers 22A and 22B. 
Conductive layer 22A consists of one or more of the 
electrically conductive materials described above for 

15 layer 22. Resistive layer 22B is typically formed with 
cermet or lightly doped polycrystalline silicon. 

Figs. 14.1 - 14.4 respectively depict how the 
final structures of Figs. 5j, 7e, 9h, and lOe appear 
when lower non-insulating region 22 consists of 

20 conductive layer 22A and resistive layer 22B. The 

lower ends of electron-emissive elements 30B, 30/BST> lt 
98/102 1# or 118! contact resistive layer 22B. The 
resistance between each electron-emissive element and 
layer 22A is at least 10 6 ohms, typically 10 8 ohms or 

25 more. 

In certain applications, it is desirable that each 
electron-emissive element contain an electrically 
resistive portion for improving emission uniformity and 
limiting emitter currents to prevent short-circuit and 

30 arcing failures. The resistive portion, preferably 
contacts lower non-insulating region 22. The 
resistance for the resistive portion is normally at 
least 10 6 ohms, preferably 10 8 ohms or more. More 
specifically, the resistance for the resistive portion 

35 is at least 10 10 ohms. The resistive portions typically 
consist of cermet or lightly doped polycrystalline 
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silicon. 

Fig. 15.1 illustrates an example in which each 
electron-emissive filament 30B in Pig. lk, 3f, or 5j 
consists of a lower electrically resistive portion 30C 
5 and an upper electrically conductive electron-emissive 
pointed tip 30D. Pig. 15.2 illustrates an example in 
which each electron-emissive cone 1^ in Fig. ice 
consists of a lower electrically resistive portion 
llSAj and an upper electrically conductive electron- 
ic emissive portion llBBj. To provide the electron- 
emissive elements with resistive portions 30C or hba^ 
an initial part of the emitter deposition is performed' 
with an electrically resistive material rather than the 
material (s) specified above. For filaments 30 in Fig. 
1, 3, or 5, either all or a lower part of each filament 
30 is formed with electrically resistive material. The 
same applies to filaments 98 in Fig. 9. 

The electron-emissive cones in the field emitters 
of the invention have, for simplicity, been illustrated 
in the drawings as being of right circular shape (i.e., 
a right triangle rotated about one of its legs) . 
However, the cones invariably have surfaces that differ 
somewhat from a right circular shape. For example, the 
surfaces of the cones typically bend inward slightly as 
shown in Fig. i 6 .l for cones 102 x of Fig. 9h and as 
depicted in Fig. 16.2 for cones 118 1 of Fig. lOe. 

Figs. .17.1 - 17.4 illustrate several longitudinal 
shapes that filaments 3 OB can have in the final field 
emitters of Fig. i k , 3f , ana 5j . As inaicatea in pigs> 
17.1 and 17.2, filaments 30B can be solid cylinders 
except at their upper ends, if tracks 50 are etched in 
such a manner as to create pores 28 as inverted cones, 
filaments 3 OB can be inverted solid cones which taper 
down in transverse cross section from just below their 
upper ends to their lower ends in the manner shown in 
Figs. 17.3 and 17.4. Depending on how the 
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electropolishing and etching operation is done, the 
electron-emissive tips at the upper ends of filaments 
30B can be generally rounded as indicated in Figs. 17.1 
and 17.3 or sharply pointed as indicated in Figs. 17.2 
5 and 17.4. 

Fig. 18 depicts the electrochemical deposition 
system employed during the electrochemical filament 
deposition operations described above. The 
electrochemical system consists of an electrochemical 
10 cell 72 and a power supply and control system 74. In 
turn, electrochemical cell 72 consists of cell 
electrolyte 76, a surrounding sidevall 78, an O-ring 
80, an anode 82, and a cathode 84 formed by part of the 
structure on which metal is being deposited. Cathode 
15 84 includes lower non-insulating region 22 to which 

power supply and control system 74 is connected. Fig. 
18 specifically illustrates the filament deposition in 
the processes of Figs. 1, 3, and 5. 

The electrochemical system shown in Fig. 18 
20 operates according to a constant-current technique. 
Alternatively, a constant-voltage electrochemical 
deposition system could be used. 

In the field emitters described above, each gate 
opening exposes only one electron-emissive element. 
25 Alternatively, charged-particle tracks can be utilized 
in accordance with the invention to fabricate gated 
area field emitters in which the gate electrode has 
gate openings respectively centered on the charged- 
particle tracks and in which each gate opening exposes 
30 multiple electron-emissive elements generally centered 
as a group on the gate opening. 

Figs. 19a - 19d (collectively "Fig. 19") and Figs. 
20a - 20d (collectively "136") illustrate a sequence of 
additional processing steps that can be applied to the 
35 intermediate structure of Figs. 5f and 6f to produce 
such a gated area field emitter in which each gate 
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opening 54, accommodates a group of electron-missive 
elements. Figs. 5 f and 6f are respectively repeated 
here as Figs. 19a and 20a. 

Inasmuch as each gate opening 5 4l exposes multiple 
5 electron-emissive elements in the process of Figs. 19 
and 20, gate openings 54, are usually wider here than 
in the earlier fabrication processes described above, 
in particular, the average mean diameter of openings 
54, in Figs. 19a and 20a is 0.5 - 5 m , typically l M m. 

10 in comparxson to using a photolithographic etching 

technique to form openings 54 a , the use of the present 
charged-particle track technique is particularly 
advantageous when the mean opening diameter is 1 „m or 
less. The average density of openings 54, is io« - 10* 

15 openings/cm 2 , typically 10' openings/cm 2 . 

Using non-insulating layer 46A as a mask, 
insulating track layer 24 is etched through gate 
openings 54, to create corresponding dielectric open 
spaces 128 down to lower non-insulating region 22 as 

20 shown xn Figs. 19b and 20b. If gate openings are 

Present xn layer 46A, the etchant also attacks portions 
of layer 24 exposed through openings 54 2 to create 
corresponding dielectric open spaces 128 2 , indicated 

25 xnsulatxng substrate 20. The etch is normally 

performed in such a way that dielectric open spaces 
laver a 46 A 1282 (C ° lleCtiVel * " 128 > «*— laterally under 
^ ; 3 9e " erally Unif ° ra manner - i^icated in 

30 111' ! , ^ ^ ^ C ° Uld be Permed so that 

IT? ° f ^ SP3CeS 128 "lively line up 
wxth the edges of gate openings 54. i» either case, 
each dxelectric open space 128 is centered on overlying 
gate openxng 54. item 24P in Figs. 19b and 20b is the 
remaxnder of track layer 24. 

>5 into A T7 T Pref0nned PartiCleS " 0 a " introduced 
into each dxelectric open space 128, and then 
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distributed in a relatively uniform manner across the 
portion of the upper surface of lower non-insulating 
region 22 at the bottom of open space 128^. See Figs. 
19c and 20c. The distributing step is performed in 
5 such a way that particles 130 are laterally separated 
from one another and are securely fixed to, and 
electrically coupled to, non-insulating region 22. 

The distributing step typically involves 
dispersing particles 130 across the bottom of open 
10 spaces 128 a in a random manner and then performing an 
operation to bond particles 130 to non- insulating 
region 22. Electrically non-insulating particle 
bonding material (not shown) holds particles 130 in 
place. To the extent that particles 130 do not 
15 actually touch region 22, the bonding material 

electrically connects particles 130 to region 22. The 
average mean diameter of particles 130 is 5 nm - 1 pm, 
typically 100 nm. 

Particles 130 preferably are electron emissive 
20 prior to being introduced into dielectric open spaces 
1282. However, particles 130 could be introduced into 
open spaces 128 a in a non-emissive state and then be 
made electron emissive during or after the bonding 
operation. In either case, particles 130 serve as 
25 electron-emissive elements. 

In one embodiment, the dispersion of particles 13 0 
across the exposed upper surface portions of non- 
insulating region 22 and the subsequent bonding of 
particles 130 to region 22 is performed in the manner 
30 described in Twichell et al, U.S. patent application 

Ser. No. 08/269,283, filed 29 June 1994, corresponding 
to co-filed International Application No. 
PCT/US94/ , "Structure and Fabrication of Electron- 
emitting Devices Utilizing Electron-emissive Particles 
35 which Typically Contain Carbon," attorney docket no. M- 
2422 PCT. Particles 130 then typically consist of at 
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least 50 atomic percent carbon in the form of 
electrically non-insulating diamond, graphite 
amorphous carbon, or/and electrically non- insulating 
silicon carbide. 

5 During the introduction of particles 130 into open 

spaces «. lf SOJne prefonned particles (not s 

be introduced into dielectric open spaces 128 2 . should 
this happen, there will be no significant deleterious 
effect on device operation because any electron- 
ic emissive particles at the bottoms of openings 128, 
contact insulating material of substrate 20. 

An electropolishing step can be performed to round 
the edges of patterned gate layer 46A. The final gated 

15 Item 21 T dSViCe ^ Sh ° Wn in PlgS ' " d «- 

15 Item 46B again indicates the edge-rounded remainder of 

gate layer 46A. since dielectric open spaces l 28l are 
respectively centered on gate openings 54,, electron- 
emissive particles 130 in each open space rs, are, as 
a group, centered on overlying gate opening 54,. 

than P9r ! iCleS C ° Uld ^ With aerials other 

than carbon. Por example, molybdenum or/and doped 
silicon carbide could be used', instead of being 
dispersed across non-insulating region 22 in a 

25 :i;r::. 6tate ' particies 130 — - — — 

Figs. 21a - 21e (collectively "Fig. 21") 
illustrate another processing sequence that can be 
TtoVl ^ intermediate ■**«*«• of Figs. 5f and 

30 le 3 9ated fi6ld enitter in whi <* each 

30 gate opening 54, accommodates multiple electron- 
emissive elements. Fig . 5f is repeated here ^ 

in particular, the thickness of region 22 in the 
structure of Fig. 2 la i R n t 

dUmet « ° f «P«"^s 5,, her. is 0.5 - 5 
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typically 1 /no. The average density of openings 54 a 
again is 10 6 - 10 8 openings /cm 2 , typically 10 7 
openings /cm 2 . 

Insulating track layer 24 is etched through gate 
5 openings 54 x to create dielectric open spaces 128 x down 
to lower non-insulating region 22 as depicted in Fig. 
21b. A group of preformed particles 130 are introduced 
into each dielectric open space 128^^ and then 
distributed uniformly across region 22 at the bottoms 
10 of open spaces 12S X so that particles 130 again are 

laterally separated from one another and are securely 
fixed, and electrically coupled to, region 22. See 
Fig. 2lc. The distributing step is performed in the 
manner described above. If particles 130 are not 
15 electron emissive prior to being introduced into open 
spaces 128 lf particles 130 can be made electron- 
emissive during or after bonding to region 22. 

Material of non-insulating region 22 not covered 
(or not shadowed) by particles 130 is removed to a 
. 20 depth less than the thickness of region 22 to create 

electrically non-insulating pedestals 132 respectively 
below particles 130 as shown in Fig. 21d. The removal 
operation is preferably done in the manner described in 
Twichell et al, cited above. In particular, the 
25 removal operation typically entails milling or 

anisotropically etching region 22 using particles 130 
as masks. The side surface of each pedestal 132 
extends vertically or, in going from top to bottom 
(i.e., downward), slopes inward to a point at or just 
30 above the bottom of pedestal 132. 

The mean height of pedestal 132 is 0.1 - 2 /im, 
typically 0.5 Jim. The combination of each pedestal 132 
and overlying electron-emissive particle 130 
constitutes an electron-emissive pillar. Item 22C in 
35 Fig. 2 Id is the remainder of lower non-insulating 
region 22. 
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An electropolishing step can again be performed to 
round the edges of gate layer 46A. Fig. 21e shows the 
final gated field emitter. Because dielectric open 
spaces 128J are centered on gate openings 54 lf electron- 
5 emissive pillars 130/132 in each open space 128j are, 
as a group, centered on overlying gate opening 54j. 

Figs. 22a - 22c (collectively "Fig. 22") 
illustrate part of a procedure for manufacturing a 
gated area field emitter having a structure very 
10 similar to that of Figs. I9d and 20d. Fig. 22a depicts 
a fabrication stage analogous to the stage shown in 
Fig. 19a, and thus the stage shown in Fig. 5f, except 
that a layer of laterally separated particles 134 is 
situated along the interface between lower non- 
15 insulating region 22 and insulating track layer 24. 

The structure of Fig. 22a is created according to the 
fabrication process of Figs. 5 and 6 except that 
preformed particles 134 are distributed across the 
upper surface of region 22 prior to the deposition of 
20 insulating track layer 24-i.e., between the stages 
shown in Figs. 5a and 5b. 

Particles 134 are distributed across non- 
insulating region 22 in such a way that they are 
securely fixed to, and electrically coupled to, region 
25 22. The distribution step typically entails dispersing 
particles 134 across region 22 in a random manner and 
then bonding particles 134 to region 22 using 
electrically non-insulating particle bonding material 
(not shown) . Particle 134 preferably have the 
30 characteristics described above for particles 130. in 
one embodiment, the distribution of particles 134 
across region 22 is performed as disclosed in Twichell 
et al, cited above. 

Using non-insulating layer 46A as a mask, 
35 insulating track layer 24 is etched through gate 

openings 54, substantially down to lower non- insulating 
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region 22 to form corresponding dielectric open spaces 
136 x as shown in Fig. 22b. A group 134A of particles 
134 is thereby exposed at the bottom of each open space 
13 6 1 . If gate openings 54 2 are present in non- 
5 insulating layer 46A, track layer 24 is simultaneously 
etched through gate openings 54 2 to create electrically 
inconsequential dielectric open spaces 136 2 (not shown) 
down to, and possibly partially into, insulating 
substrate 20. Dielectric open spaces 13 6 X and 13 6 2 

10 (collectively "136") normally extend laterally under 

gate layer 46A generally in the illustrated manner but 
could have their sidewalls vertically aligned with the 
edges of layer 46A. 

Particles 134 preferably are electron emissive 

15 before being dispersed across lower non-insulating 

region 22. Alternatively, at least particles 134A can 
be made electron emissive at some later point, 
including subsequent to the formation of dielectric 
open spaces 13 6. In either case, particles 13 4A serve 

20* as electron-emissive elements. The edges of patterned 
gate layer 46A can be rounded by an electropolishing 
operation. The final gated field emitter shown in Fig. 
22c is quite similar to that .of Fig. 19a. 

The variations described above with respect to 

25 particles 130 can generally be applied to particles 
134. Also, subject to increasing the thickness of 
lower non- insulating region 22, the structure of Fig. 
22c can be further processed according to the steps 
described for Figs. 21d and 21e to produce a gated 

30 field emitter having pillared electron-emissive 

elements consisting of particles 134 on underlying 
pedestals. 

Figs. 23a - 23h (collectively "Fig. 23") and Figs. 
24a - 24d (collectively "Fig. 24") illustrate a process 
35 for manufacturing a gated area field-emission cathode 
structure using charged-particle tracks and emitter 
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etching according to the teachings of the invention. 
The field-emission structure of Figs. 23 and 24 is 
typically utilized to excite phosphors on a faceplate 
in a CRT of a flat-panel display such as a flat-panel 
5 television screen or video monitor. 

The starting point for the fabrication process is 
a substrate 140 typically created from a plate having a 
largely flat upper surface and a largely flat lower 
surface (not shown) extending substantially parallel to 

10 the upper surface. See Pig. 2 3a. Substrate 140 

normally consists, at least along its upper surface, of 
electrically resistive (intrinsic or lightly doped) 
semiconductor material or/and electrically insulating 
material. The resistive semiconductor material 

15 preferably is si i icon but can be germaniun or 

arsenide. The insulating material is ceramic or/and 
glass. 

An electrically non-insulating emitter layer 142 
is provided along the top of substrate 140 as indicated 
m Fig. 23a. fitter layer 142 preferably consists of 
an electrical conductor, specifically conductively 
doped semiconductor material or/ and metal. The 
conductively doped semiconductor material typically is 
silicon of n-type or p-type conductivity but can be 
germanium or gallium arsenide, when substantially all 
of layer 142 is conductively doped silicon, the emitter 
thickness is 0.1 - i Mm , typically 0.2 m . For the 
case in which metal is used to form layer 142, the 
metal is typically titanium. 

Emitter layer 142 is configured and used in 
largely the same way as lower non-insulating region 22 
above, m particular, layer 132 is typically a 
patterned layer containing a group of parallel emitter 
lines. 



20 



25 



35 



If substrate 140 consists of electrically 
resistive semiconductor material at least along the 
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upper substrate surface, the emitter lines typically 
consist of conductively doped semiconductor material 
created by selectively introducing suitable dopant into 
the resistive semiconductor material. Fig. 25a depicts 
a vertical cross section through the structure of Fig. 
23a for such an embodiment. Fig. 26a depicts a 
vertical cross section through the structure of Fig. 
23a for an embodiment in which the emitter lines 
consist of metal or conductively doped semiconductor 
material formed on top of substrate 140. 

An electrically insulating track (or track- 
recording) layer 144 is formed on top of the structure. 
Parts of track layer 144 are situated on both substrate 
140 and emitter layer 142. The thickness of layer 144 
is 0.1 - 2 Jim, typically 0.5 jim, depending on the 
desired diameter of apertures later formed through 
layer 144. Suitable materials for layer 134 are the 
same as those listed above for insulating track layer 



24. 



o The structure is subjected to energetic charged 

particles that impinge on top of track layer 144 in a 
direction largely perpendicular to the (unshown) flat 
lower surface of substrate 140 and thus in a direction 
generally perpendicular to the upper structural 
25 surface. The charged particles have sufficient energy 
to pass fully through layer 144 so as to form straight 
tracks through layer 144 at random locations across 
layer 144. Figs. 23b and 24a illustrate the track 
formation. The charged-particle tracks constitute 
30 damaged zones along the particle paths. 

The charged-particle tracks are indicated by 
reference symbols beginning with "146" in Figs. 23b and 
24a. Although the charged particles also pass through 
emitter layer 142 (and typically into substrate 140) , 
35 the charged particles do not significantly damage layer 
142 and therefore do not create charged-particle tracks 
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through layer 142. avo of the lines that typically 
for, layer 142 are shown in dashed for* in £ g . 24 *. 
As indicated there, the tracks fall int o two 
categories: (a, tracks 146, extending through portions 

0 layer 144 overlying emitter layer 142 and (b) trZs 

1 6 extending through portions of l ayer 144 J^tef 
directly on substrate 140 to the sides of layer 142 

parties T arged " particle tra*. 26 above, charged- 
particle tracks 146, and 146 2 (collectively ..146") 
extend parallel to one another in a direction generally 
perpendicular to the upper structural surface. 

accord? ? Uar CharaCt ~ ist -' to, and are formed 
acceding to the same techniques as, tracks 26. J 
density of tracks 146 likewise is io* - 10 * tracks/L 
typically io 7 - i 0 8 , 2 tracks/cm*, 

y 10 tracks/cm 2 . For illustrative 

Purposes, only a small portion of tracks 146 is 
indicated in Figs. 23b and 24a. 

The damaged insulating material along tracks 146 

with a suxtable chemical etchant that attacks the 

ziizst^t: r - ore than <- -s- 

down to emitter laver mu tracxs 146 
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corresponding track 146. The thickness of layer 144 is 
• reduced during the etch. 

The second part of the insulating-material etch 
can be done with the etchant used during the first part 
5 or with another etchant. In either case, components 
140 and 142 are not significantly attacked during the 
second part of the etch. When track layer 144 consists 
of a polymer, both parts of the etch are preferably 
done with sodium hydroxide or potass iiim hydroxide, 

10 Apertures 148 reach an average mean diameter of 

0.1-2 /ra, typically 0.2 pm, along the bottom of the 
reduced-thickness remainder 144A of track layer 144. 
The aperture diameter is substantially the same for all 
of apertures 148. For illustrative purposes, the 

15 lateral dimensions of apertures 148 compared to the 
widths of the lines that form emitter layer 142 are 
greatly exaggerated in the plan-view drawings. 

Apertures 148 2 , which extend through portions of 
track layer 144A lying directly above substrate 140, do 

20 not significantly affect device operation. 

Accordingly, apertures 14 8 2 are not discussed further 
below or shown in any of the Remaining drawings. In 
fact, the creation of apertures 14 8 2 could be avoided 
by using an appropriate mask during either the track- 

25 formation step or the aperture-etch step. 

A cap layer 150 is deposited on top of the 
structure as shown in Fig. 23d. Cap layer 150 contains 
(a) main cap regions 15 OA situated on emitter layer 142 
at the bottoms of apertures 148 x and (b) a further cap 

30 region 150B situated on top of track layer 144A. Cap 
layer 150 may be formed with electrically insulating 
material or with electrically non-insulating material 
(or even with both types of material) . For example, 
layer 150 typically consists of a metal such as 

35 chromium when emitter layer 132 is conduct ively doped 
silicon. 
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Cap layer 150 nay be deposited by evaporating or 
sputtering the desired cap material. Alternatively, 
main cap regions 150A can be formed by a selective 
deposition technique such as electrochemical 
deposition. In this case, substantially none of the 
cap material accumulates on track layer 144A~i.e., 
further cap region 150B is not formed. 

The thickness of cap layer 150 is less than the 
thickness of track layer 144A. Specifically, the cap 
thickness is 0.05-1 (in, typically 0.2 fm. Although 
not shown in Fig. 23d, small pieces of the cap material 
may accumulate along the sidewalls of track layer 144A 
above main cap regions 150A. To the extent that such 
sidewall cap pieces are formed and not removed during 
the track-material dissolving operation described 
below, these sidewall cap pieces are removed according 
to a conventional technique that may slightly reduce 
the thickness of regions 150A and 150B. 

The structure is subjected to an agent that 
20 dissolves track layer 144A but does not significantly 
affect cap layer 150 or any of the other structural 
components. All of layer 144A is removed during the 
etch. Further cap region 150B (when present) is lifted 
off during the removal of layer 14 4A to produce the 
25 structure shown in Fig. 23e . When layer 14 4A consists 
of a polymer such as polycarbonate, the dissolving step 
is performed with chloroform. A dilute hydrofluoric 
acid solution is used as the dissolving agent when 
layer 144A is glass, since remaining cap regions 150A 
were formed in apertures 148 lf cap regions 150A are 
respectively centered on the locations of charged- 
particle tracks 146J. 

Next, the structure is etched with an etchant that 
attacks emitter layer 142 but does not significantly 
35 attack cap regions 150A. The emitter etch is performed 
in such a way as to uniformly remove (a) emitter 



30 
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material not covered by cap regions 150A and (b) 
laterally adjacent emitter material extending partway 
under regions 150A, thereby creating a depression 152 
in layer 142, See Figs. 23f and 24c. Regions 150A act 
5 as etch masks to control the lateral extent of the 
etch. The etchant preferably is a reactive-ion 
etchant. 

The emitter etch is conducted for a time 
sufficiently long to underetch a large fraction of 
10 lover surface of each cap region 150A but not long 

enough for depression 152 to reach substrate 140 or for 
the tops of the sidevalls of depression 150 to form 
points below regions 150A. As a result, regions 150A 
remain in place. Item 142A in Fig. 23f is the 
15 remainder of emitter layer 142. Along the upper 

surface of remaining emitter layer 14 2A, depression 152 
defines truncated generally conical emitter portions 
14 2B in layer 14 2A. Because the etch is done 
uniformly, each emitter portion 142B is centered on, 
20 and thereby aligned to, overlying cap region 15 OA. 

Emitter portions 14 2B are sharpened by reacting 
emitter material along the upper surface of layer 14 2A 
with one or more other materials to form a layer 154 
consisting of a compound of these materials. Fig. 23g 
25 shows the resultant structure. Item 142C is the 

remainder of emitter layer 142A. The reaction process 
consumes an amount of emitter material sufficient to 
enable generally conical electron-emissive portions 
142D to be defined in the emitter material along the 
30 upper surface of layer 14 2C. Each emitter portion 14 2D 
has a sharply pointed tip directed towards a 
corresponding one of cap regions 150 A. 

Emitter portions 14 2D are generally cones even 
though their side surfaces are concave as viewed from 
35 the side. Each electron-emissive cone 142D is centered 
on overlying cap region 150A and therefore on the 
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location of corresponding charged-particle track 146 1 . 
Cones 142D have an average height of o.l - 2 pm, 
typically 0.2 pm. The base diameter of cones 142 is 
approximately the same as that of cap regions 150A and, 
accordingly, approximately the same as that of 
apertures l48 a . That is, cones 142D have an average 
mean base diameter of 0.1 - 2 jm, typically 0.2 jm. 

Compound layer 154 is preferably an oxide of the 
emitter material. The emitter oxide is typically 
created by exposing the structure to an oxygen- 
containing gas, such as wet or dry oxygen, at high 
temperature, when emitter layer 142C is conductively 
doped silicon, layer 154 is silicon oxide. Likewise, 
layer 154 is a metal oxide when layer 142C is metal. 

Electrically insulating material is deposited on 
the structure by causing the constituents of the 
insulating material to move towards the upper surface 
of the structure in a direction largely perpendicular 
to the lower structural surface. .As shown in Fig. 23h, 
20 portions 156A of the insulating material accumulate on 
cap regions 150A. A portion 156B of the insulating 
material accumulates on the portion of compound layer 
154 not covered (or not shadowed) by regions 150A. 
insulating portions 156A and 156B together constitute a 
25 discontinuous insulating layer 156. The deposition of 
insulating layer 156 is typically performed by 
sputtering or chemical vapor deposition. Layer 156 
typically consists of silicon oxide. 

Next, electrically non- insulating gate material is 
30 similarly deposited on the upper surface of the 

structure in a direction generally perpendicular to the 
lower structural surface. As also shown in Fig. 2 3h, 
portions 158A and 158B of the gate material 

35 ZZ eCt tT Y aCCUmUlate ° n Elating portions 156A and 
35 156B. Gate portions 158A and 158B together form a 

discontinuous gate layer 158. The deposition of gate 
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layer 158 is typically performed by sputtering or 
evaporation. Layer 158 usually consists of an 
electrical conductor, typically a metal such as 
molybdenum. Layer 158 could also be formed with 
5 conductively doped semiconductor material such as n- 
type or p-type polycrystalline silicon. The composite 
thickness of insulating layer 156 and gate layer 158 is 
less than the height of emitter cones 14 2D. 

Cap regions 15 OA are removed by subjecting the 
10 structure to an etchant that attacks the exposed 

material of compound layer 154 under cap regions 150A 
but does not significantly attack the gate material or 
emitter layer 14 2C. For example, a buffered 
hydrofluoric acid solution can again be employed when 
15 layer 154 consists of silicon oxide. The portions of 
layer 154 lying below cap regions 150A are thereby 
removed. As a result, regions 150A are lifted off 
along with overlying insulating portions 156A and gate 
portions 158A. The etching of layer 154 normally 
20 extends slightly under gate portions 156A. Fig. 23i 
depicts the resultant structure in which item 154A is 
the remainder of layer 154. 

The etchant typically attacks the side edges of 
insulating portions 156B so as to slightly undercut 
25 remaining gate portion 158B. Item 156C in Fig. 23i is 
the remainder of portion 156B. Of course, layer 156B 
will remain fully in place to support gate. portion 158B 
if the etchant does not attack layer 15 6B. 

Remaining gate portion 158B forms a patterned gate 
30 layer. Emitter cones 14 2D preferably extend partially 
through gate openings 160 in patterned gate layer 15 8B. 
Because cap regions 150A were respectively centered on 
cones 142D,gate openings 160 are respectively centered 
on, and thus aligned to, cones 14 2D. 
35 Remaining insulating portion 156C (or 156B) forms 

a patterned insulating layer through which dielectric 
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openings i 62 ext end. if remaining compound portion 
154A consists of insulating material, portion 154A 
forms part of this patterned insulating layer. As with 
gate openings 160, dielectric openings 162 are centered 
5 on cones 142D as the result of the self alignment that 
occurs during the fabrication process, since each cone 
142D is centered on the location of corresponding 
charged particle track 146,, each gate opening 160 and 
underlying dielectric opening 162 are centered on the 
io location of corresponding track 146!. 

Using a suitable photoresist mask (not shown) gate 
layer 158B is patterned into a group of lines extending 
perpendicular to the lines that form emitter layer 

,« ^! C : . Pl9S ' 23j 24d depict tte final structure in 
15 which xtem i 58C is the patterned remainder of gate 

forT T' Fi9 ' 111USt » tes « «* the lines that 

form patterned gate layer 158C. Emitter cones 142D are 
electron-emissive elements which, in combination with 

20 I \T V StrUCtUral -»Ponents, form a gated 
20 field emitter. 

Figs. 25b and 26b illustrate typical vertical 

ZTlT^tr thrOU9h final StrUCtUre ° f *^ »3 
and 24d. Fig. 25b represents the embodiment where 

emitter li nes 142 are conductively doped regions 

25 created in electrically resistive semiconductor 

material. Fig. 26b represents the embodiment where 

lines 142 consist of metal or conductively doped 

semiconductor material formed on substrate 140 

As with lower non-insulating region 22 in the 

earlier-described field emitters of the invention, 

emitter layer 142 in the field emitter of Figs. 23j and 

24d, could be provided as a lower electrically 

conductive sublayer and an upper electrically resistive 

sublayer. The conductive sublayer would be formed wi^ 

one or more of the electrical conductors described 

above for layer 142. The resistive sublayer would 
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typically consist of cermet or lightly doped 
polyciystalline silicon. 

The processing techniques utilized in fabricating 
the gated field emitter of Figs. 5 and 6 can be readily 
5 extended to create a gated area field-emission 
structure having one or more additional control 
electrodes above the gate electrode. Moving to Figs. 
27a - 271 (collectively "Fig. 27") , they illustrate how 
a gated area field emitter having a focusing control 

10 electrode is so manufactured. This field emitter is 
also suitable for flat-panel television applications. 

The field emitter is built on insulating substrate 
20 over which lower non- insulating region 22 is 
provided as shown in Fig. 27a. Insulating layer 24, 

15 non-insulating layer 46, and second insulating layer 48 
are formed in sequence on the top of the structure. 
See Fig. 27b. Components 20, 22, 24, 46, and 48 all 
have the characteristics described above. 

Continuing with Fig. 27b, a second electrically 

20 non-insulating layer 60 is formed on top of second 
insulating layer 48. Non-insulating layer 60 later 
becomes the focusing electrode. A further electrically 
insulating layer 62 is formed on top of layer 60. 
Layers 62 and 60 respectively have largely the same 

25 characteristics as insulating layer 48 and non- 
insulating layer 46. Accordingly, layer 62 consists of 
insulating material, and layer 60 consists of metal. 

The structure is subjected to energetic charged 
particles traveling in a direction largely 

30 perpendicular to the (unshown) lower substrate surface 
and thus in a direction generally perpendicular to the 
upper structural surface. The charged particles pass 
through layers 62, 60, 48, 46, and 24 and into the 
underlying material to form straight tracks through 

35 insulating layers 62, 48, and 24. See Fig. 27c. 

Reference symbols beginning with "64" are employed 
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to indicate the charged-particle tracks in Fig . 27c 
Bach trace is divided into (a) a „ 64A „ £ 

extendi thrcugh insulating layer 24, (b) a .««.. 
segment extending thrcugh insulating layer 48 and 

5 « a T ; 64C : "~ ~ 52- ayer 

62. The charged particle.* rt « -^yer 
* iiatticies do not cause anv sianlf<««+ 

10 Jh ! ° (•) «9».nts ««„ 

10 «B„ and S4C, (collectively extendi™ ' 

respectively through portion.- of layers 24, 4 8 MO fi , 
overlying leer „o„-ins«l.ting region „ J"' ™ " 

e«e„r entS ^ " C * C=«l'«lvely .,«,., 

e*t ending respectively through portions of layers ,4 

« "I" ^ ° Ve " yln9 re9i °" ««• ..gnents 

ix™z.:i th : t* ara ~ 

K nn ^ • 2 se SPMnts 50A, and 

50B 2 ~depicted in Figs. 5c and -f«>- 

Figs. 5 and 6. ^ Pr ° CeSS of 

characteristics, and are for.ed in the s„e way . 5 
25 tracks 50 described above. 

insniar era J ly Cir °" lar trough 
insulating layer 62 along te 

non-insulating layer eo by bringing^ 2 £ 
contact vltb a Conical etchant that attacks the 

rsjs ~ rr - - - - 

centring thHtch into e h P ° reS **" """^ * 
-rtures «, , na *" 

res 66 2 , although not shown in the draw,™- 
analogous to apertures 52 , depicted in p^T' 
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The etching procedure utilized to create 
66, and 66 2 (collectively "66") is performed uniformly 
in largely tne same manner as that described above for 
creating apertures 52, with one notable V 
5 The etch time for apertures 66 is somewhat longer than 
the etch time for apertures 52. Consequently, 
apertures 66 have substantially the same 
characteristics as apertures 52 but are larger xn 
diameter. In particular, apertures. 66 reach an average 
XO diameter of 20 - 400 nm, typically 190 nm, along the 
bottom of the remainder 62A of insulating layer 62. 

Using insulating layer 62A as an etch mask, the 
portions of non-insulating layer 60 exposed via 
apertures 66 are removed with an anisotropic etchant. 
15 openings 68, are thereby created dovn to insulating 
layer 48 through the portions of layer 60 overlyxng 
lower non-insulating region 22 as shown in Fxg. 27e. 
openings 68 2 are simultaneously created down to layer 
48 through portions of layer 60 not overlying region 
20 22. Although not shown in the drawings, openings 68 2 
*" are analogous to openings 54 2 depicted in Fig. 6e. The 
remainder 60A of layer 60 in Fig- 27e is the patterned 
focusing electrode for the field emitter. 

The etch procedure utilized to form openings 68, 
25 and 68 2 (collectively -68-) is typically performed in 
" the same way as the etch employed to create openings 54 
in the process of Figs. 5 and 6. As a result, each 
opening 68 is centered on the location of corresponding 

track segment 64C. 
30 With portions of the upper surface of insulating 

layer 48 exposed at track segments 64B, pores are 
created in the damaged insulating material along 
segments 64B by bringing the structure into contact 
with a chemical etchant that attacks the damaged 64B 
35 track material much more than the undamaged material of 
layer 48. The etch is continued into the undamaged 
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insulating material of l 

Apertures 70, and 70 . " *° br ° aden tte pores - 

along trac* ij^ Z] ^ ~ -pective ly 
Although not shown th drawings" a^u 
5 analogous to apertures 52 2 apertures 70 2 are 

thiols and Serai" f I''' 
layer e 2A may be r^Z^lllVl 
whether insulating layer 4sT ^ Spending on 

-spect to layer 62A or not Z T'T ^ ^ 
1 case in which layer 6 2A 7 *' * lllust «tes the 

»- procedle f ret c S h n0t W * 
(collectively ..7", 7 and 70, 

manner ILL^T^^^^^* 

along open'in s ' ^ 

« as to undercut l^Zll^ 

"f is the reminder of Insulat f Flg ' 

from the undercutting of L" er ^ ^ 

suhstantially the same chara^teri^ieT^ 68 ? ° W 

including the same averaoo ° teristics as apertures 52 , 

layer 46. VGrage 3pertUre ^meter along gate 

Using insulating layer 4«b »,= 
Portion, „ t non-i^LC « " « «* — . the 

to oreet. generaiiy oirenlar^L Pi ° etChM,t 

Portions o £ inssisL™ 2 T1T *~ ^ 
insulating region 22 a. J OTerlie lower n °n- 

portions o ( lL" " * " i9 - 

si-uitessoosi/;:^ r^::: apertorM 7o > «• 

oP-ings M , (not ~* 
24 eituatea directiy ab l ve ™ *° **" """'o 1 * <* l»Y*r 
portion 4« of gate UyZM Tl ^ r<maini »" 
9 ate eieotroae t or th,^ fitter *" ^ 

-e r P :::r^e\r ,ed to ~~ « 

the same way as ln tne ^ ^ 



WO 95/07543 



PCT/OS94/09762 



15 



Figs. 5 and 6. Accordingly, each opening 54 is 
centered on the location of corresponding track segment 
64B. 

In the typical case where the anisotropic etchant 
5 used to create gate openings 54 is also capable of 
significantly attacking focusing electrode 60A, 
insulating layer 62A is removed at some point after 
openings 54 are created. This can, for example, be 
done directly after formation of openings 54 as shown 
10 in Pig. 27h. If the etchant does not significantly 

attack electrode 60A, layer 62A can be removed between 
the step in which openings 68 are created (to define 
electrode 60A) and the step in which openings 54 are 
created. 

Except for the presence of non-insulating layer 
60A and insulating layer 48B, the structure of Fig. 27h 
is substantially the same as the structure of Fig. 5f . 
Track segments 64A X in Fig. 27h are the same as track 
segments SOAj in Fig. 5f. Subject to some additional 
processing on layers 60A and 48B, the structure of Fig. 
27h is further processed in the same way as the 
structure of Fig. 5f. Figs. 27i - 271 respectively 
correspond to Figs. 5g - 5j. . The processing 
description presented above in connection with Figs. 5g 
25 - 5j applies directly to Figs. 27i - 271 with each 
track segment "50A" now being referred to as "64A". 

The exposed portions of insulating layer 48B below 
the edges of focusing electrode 60A are partially 
etched back. Depending on the properties of layers 48B 
30 and 24A, the etchback is either performed during the 
etch to create cavities 56 in porous insulating layer 
24A or as a separate step. As indicated in Fig. 27k, 
the edges of layer 60A extend laterally beyond the 
remainder 48C of insulating layer 48B. Item 24F is 
35 again the remainder of track layer 24A. 

The edges of focusing layer 60A are typically 



20 
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rounded during the same electropolishing step used to 
round the edges of gate layer 46A. Item 60B in Fig. 
271 is the rounded-edge patterned remainder of focusing 
layer 60A. item 46B is again the rounded-edge 
patterned remainder of gate layer 46A. Likewise, items 
3 OB are again the sharpened filaments. By virtue of 
the centering that arises from the track formation and 
etching, gate electrode 46B and focusing electrode 60B 
are both self-aligned to filaments 30B. 

Lower non-insulating region 22 in Fig. 271 may 
again consist of resistive layer 22A and overlying 
conductive layer 22B as described above. Also, the 
steps employed to create focusing electrode 60B above 
insulating layer 48C can be repeated to create one or 
more further control electrodes above layer 60B. In 
doing so, the centering that results from the track 
formation and etching enables each further control 
electrode to be self -aligned to filaments 3 OB. 

The process of Fig. 27 can be modified to produce 
a gated field emitter which has one or more control 
electrodes above the gate electrode and which also has 
electron-emissive elements of the type shown in Fig. 
7e, 9h, or lOe. This modification is achieved in a 
manner similar to that used for modifying the process 
of Fig. 5 according to the steps shown in Fig. 7, 9, or 
10. 



Figs. 28a - 28d (collectively "Fig. 28") generally 
illustrate how the sequence of steps in Fig. io is 
applied to the process of Fig. 27 to create a gated 
area field emitter having both a focusing electrode and 
conical electron-emissive elements. The starting point 
for the modification is Fig. 27 g repeated here as Fig. 



28a. 



With portions of insulating layer 24 exposed 
through gate openings 54l , dielectric open spaces 114, 
are etched through layer 24 down to lower non- 
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insulating region 22 in the manner described above. 
• Fig. 28b shows the resulting structure. Dielectric 
open spaces 114 2 (not shown) are similarly formed 
through layer 24. 
5 The exposed portions of insulating layer 4 8B below 

the edges of focusing electrode 60A are also etched 
back. Depending on the properties of layers 48B and 
24, this etchback is either performed during the etch 
step to form dielectric open spaces 114 or as a 

10 separate step. If layers 48B and 24 are etched at the 
same time, the damaged insulating material along track 
segments 64A a is normally attacked at a considerably 
faster rate than the undamaged material of insulating 
layer 24. This helps to reduce the etching of layer 

15 48B and thereby avoid excessive further undercutting of 
focusing layer 60A. In any case, item 24M in Fig. 28b 
is again the remainder of layer 24. Item 48D is the 
remainder of layer 48B. 

Conical electron-emissive elements 1182 are then 

2 0 formed in dielectric open spaces 1142 as indicated in 
Fig. 28c. Various techniques that take focusing 
electrode 60A into account can be used. For example, a 
lift-off layer can be created on focusing electrode 60A 
in the same way that lift-off layer 116 is created in 

2 5 the process of Fig. 10 except that the impingement 

angle is increased so that pieces of the lift-off 
material accumulate on portions of gate layer 46A 
exposed through gate openings 54 2 . The remainder of 
the procedure for creating metal cones 1182 is then 

3 0 performed as described above for the process of Fig. 

10. During the removal of the lift-off layer and the 
overlying composite layer of the cone and closure 
materials, the pieces of the lift-off material on gate 
layer 4 6A are removed along with overlying composite 
35 pieces of the cone and closure materials. 

An electropolishing step is performed to round the 
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edges of gate layer 46A in the manner described above. 
The edges of focusing electrode 60A are typically 
rounded at the same time. Pig . 28d shoWB ^ finfll 
structure, items 46B and 60B are again the rounded- 
5 edge remainders of layers 46A and 60A. Due to the 
uniform nature of the deposition/ lift-off technique 
employed to create cones n 8l , layers 46B and 60B are 
both self -aligned to cone ua,, 

10 m The **** emitters of the present invention 

ZTT ^ foll -ing way when used in a flat-panel 
CRT ^display where emitter layer 142 (in effibodiment 

1L ir ll 6 ° r l0Wer non - in -^ting region 22 

(xn the other embodiments) contains emitter lines that 

15 IT S T ted b6lOW ' Cr ° SS ' UneS ° f the **. ^yer. 

15 An anode (or collector) structure is situated a short 
distance away from the top of each emitter. The anode 
is maintaxned at high positive voltage relative to the 
gate and emitter lines. 

20 sel TT 3 SUltable V ° lta9e " applied betwe *" (a) a 
20 selected one of the gate lines and (b, a selected one 

of the emitter lines, the selected gate line extracts 

electrons from the electron-emissive elements at the 

maonlLT 1 " " ^ ^ UneS ™* co ^rols the 

magnitude of the resulting electron current. Desired 

Zl Y* : leCtr ° n emiSSi0n typiCa11 ^ — t^e 
applied gate-to-emitter electric field, reaches 20 

volt/^m or less at a current density of i ^ /ca 2 as 

oaneH , *** Ph ° Sph — ^ Opiate of the flat- 
panel display. The extracted electrons are 
subsequently collected at the anode. The focusing 
electrode, when present, focuses the electron beam, 
non . The i \ trUCtUre ° f F1 9S. le and 2e, including lower 

caTo 9 re9i ° n " Patterned int ° pa -nel lines 

can be used as an ungated field emitter. However it 

Pores 28, and to have sharpened upper ends. Turning to 



-70- 



WO 95/07543 



PCT/US94/09762 



Figs. 29a , 29b, 30a, and 30b, they illustrate 
additional steps that can be performed on the structure 
of Figs, le and 2e to accomplish these two objectives. 
The first step is to uniformly remove part of the 
5 thickness of track layer 24A with an etchant that does 
not significantly attack the filament metal. 
Preferably, the etchant does not significantly attack 
substrate 20 or non-insulating region 22. Figs. 29a 
and 30a depict the structure at the end of this etching 

10 step. Item 24B is the reduced-thickness remainder of 
track layer 24 A. 

Next, the upper ends of filaments 30 are sharpened 
by performing an electropolishing and etching operation 
in the manner described above. The electropolishing 

15 rounds the upper ends of filaments 30 and reduces their 
length somewhat. The etch sharpens the rounded 
filament ends. Figs. 29b and 30b depict the final 
structure in which sharpened filaments 3 OA are the 
remainders of original filaments 30. 

20 Alternatively, substantially all of track layer 

24A can be removed before sharpening filaments 30. 
Figs. 31a, 31b, 32a, and 32b depict how this 
alternative procedure is performed starting from the 
structure of Figs, le and 2e. Track layer 24A is first 

25 removed as shown in Figs. 31a and 32a. When components 
22, 24A, and 30 respectively are chromium, 
polycarbonate, and platinum, the removal step is 
typically performed by dissolving layer 24A with 
dichloromethane . 

3 P An electropolishing and etching operation is then 

performed to sharpen the upper ends of filaments 30 in 
the manner shown in Figs. 31b and 32b. Items 3 OA are 
again the sharpened remainders of filaments 30. 
The ungated field emitters of the present 

35 invention operate in the following way. with an anode 
structure situated a short distance away from the top 
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sil l * eBitter ' 3 V ° ltage ±S a ^ lied a 

selected part of the anode and a selected one of the 

lines that forms lower non-insulating region 22. The 
particular filaments 30 above the selected line then 
5 emit electrons collected at the anode structure. 

Directional terns such as "lower- and -down- have 
been employed in describing the present invention to 
establish a frame of reference by which the reader can 
more easily understand how the various parts of the 
10 invention fit together. In actual practice, the 
components of a field emitter may be situated at 
orientations different from that implied by the 
directional terms used here. The same applies to the 
way i„ which the fabrication steps are performed in\he 
15 invention, inasmuch as directional terms are used for 
convenience to facilitate the description, the 
mventxon encompasses implementations in which the 
orientations differ from those strictly covered by the 
directional terms employed here. 
20 The various electron-emissive elements and 

charged-particle tracKs (or trac* segments, have 
longitudinal axes (not shown) . Eacn electron-emissive 
element ls generally symmetric about its longitudinal 
a cL Y efSrenCe to an et <* as being performed along 

thatT ^ ^ ^ thr ° U9h a ^yer means 

that the removed material occupied a volume containing 

:: a r:: y r ; f the track,s - 8 

While the Invention has been described with 
reference to particular embodiments, this description 
rs solely ior the purpose of illustration and is not to 

clawed below. For e* a . ple , the gate(J ar 
emitter. „ the invention have been described es 
operate, according to the field-emission mode in which 
selected parts of the patterned gate electrode are 
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furnished with voltage sufficient to extract electrons 
from selected electron-emissive elements. Nonetheless, 
another mechanism such as photoemission or thermionic 
emission could be employed to cause part or all of the 
5 electron emission. In such embodiments, selected parts 
of the gate electrode typically collect electrons to 
cut off electron flow to corresponding parts of the 
anode . 

Under certain conditions, the double-source 

10 deposition utilized to form conical tips 102 x in the 
fabrication process of Fig. 9 can be replaced with a 
single-source physical vapor deposition in which only 
the tip material is deposited. No separate closure 
material is employed. The same applies to the double- 

15 source deposition used to form cones 1^ in the 
process of Pigs. 10 and 11. 

Instead of being formed with metal, tips 88D 1# and 
cones 102 x and 1^ could be formed with other 
electrical conductors such as conductively doped 

20 semiconductors. Components 88V lf 102 X , and 11B X along 
with gate layers 34, 40, 46, and 158 could be formed 
with electrically resistive material such as lightly 
doped semiconductors. Gate layer 34, 40, or 46 could 
be patterned into lines running perpendicular to the 

25 lines that form region 22. 

Each of gate electrodes 34B, 40B, 46B (or 46A) , 
and 158C could be employed to modulate the movement of 
electrons extracted by the anode. Various 
modifications and applications may thus be made by 

30 those skilled in the art without departing from the 
true scope and spirit of the invention as defined in 
the appended claims. 
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5, A method as in any of Claims 1-4 further 
including the step of removing a thickness of the 
insulating layer sufficient to enable each filament to 
extend outward beyond the remainder of the structure. 

5 

6. A method comprising the steps of: 
creating a structure in which an electrically 

insulating layer lies over a lower electrically non- 
insulating region, a multiplicity of pores extending 

10 through the insulating layer down to the lower non- 
insulating region; 

introducing electrically non-insulating filament 
material into the pores to form corresponding electron- 
emissive filaments therein, the lower end of each 

15 filament contacting the lower non-insulating region; 
and 

providing a patterned electrically non-insulating 
gate layer over specified material of the insulating 
layer, gate openings respectively extending through the 
gate layer at locations generally centered on the 
filaments such that the filaments are separated from 
the gate layer. 



20 



7. A method as in Claim 6 wherein the providing 
25 step comprises: 

producing electrically conductive caps over the 
upper ends of the filaments, each cap being situated 
over one of the filaments and having a lateral 
periphery that encloses the lateral periphery of the 
30 underlying filament along the bottom of that cap; 

removing part of the thickness of the insulating 
layer; 

depositing electrically non-insulating gate 
material over the remainder of the insulating layer in 
35 the space generally below the space between the caps; 
and 
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on the corresponding gate opening and is narrower than 
the corresponding gate opening along the bottom of the 
gate layer; and 

introducing electrically non-insulating filament 
5 material into the pores to form corresponding electron- 
emissive filaments separated from the gate layer, the 
lower end of each filament contacting the lower non- 
insulating region. 

10 11. A method as in Claim 10 wherein the creating 

step entails: 

providing the structure with (a) a second 
electrically insulating layer situated over the gate 
layer and (b) a second electrically non-insulating 
15 layer situated over the second insulating layer; 

forming openings through the second non-insulating 
layer down to the second insulating layer; 

forming corresponding apertures through the second 
insulating layer down to the gate layer such that each 
20 aperture in the second insulating layer is generally 
centered on the corresponding opening in the second 
non-insulating layer; and 

etching the gate layer through the apertures in 
the insulating layer to form the gate openings such 
25 that each gate opening is generally centered on the 

corresponding aperture in the second dielectric layer. 

12 . A method as in any of Claims 6-11 further . 
• including the step of removing material of the 

3 0 insulating layer exposed through the gate openings to 

form cavities situated around the filaments so that the 
filaments extend outward beyond the remainder of the 
insulating layer, the cavities extending at least 
partway down to the lower non-insulating region. 

35 

13. A method as in any of Claims 1 - 12 wherein 
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therethrough; • 

creating corresponding open spaces through the 
track layer by a procedure that entails etching the 
track layer along the charged-particle tracks; 

forming electron-emissive elements accessible 
through the open spaces in the track layer; and 

providing a patterned electrically non-insulating 
gate layer over the electron-emissive elements such 
that gate openings extend through the gate layer to 
enable each gate opening to expose at least one of the 
electron-emissive elements. 



18. A method as in Claim 17 wherein the forming 
step comprises forming the electron-emissive elements 
15 over a lower electrically non-insulating region 

provided below the track layer such that each electron- 
emissive element is electrically coupled to the lower 
non-insulating region through the corresponding open 
space in the track layer. 



20 



25 



19. A method as in Claim 17 wherein the forming 
step comprises defining the electron-emissive elements 
in an electrically non- insulating emitter region 
provided below the track layer. 



20. A method as in Claim 19 wherein the defining 
step comprises: 

using the open spaces in the track layer to define 
corresponding cap regions over the emitter layer; 
30 removing the track layer; and 

removing (a) selected material of the emitter 
layer using the cap regions as masks to control the 
removal of the selected material such that 
corresponding electron-emissive elements are defined in 
35 the remainder of the emitter layer at locations 

respectively centered on the cap regions and (b) the 



-79- 



WO 95/07543 



PCT/DS94/09762 



cap regions. 
21. 
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layer along the charged-particle tracks; 

etching an underlying electrically non-insulating 
gate layer through the apertures in the track layer to 
form corresponding gate openings through the gate 
5 layer; and 

etching an underlying electrically insulating 
layer through the gate openings to form corresponding 
dielectric open spaces substantially through the 
insulating layer down to locations for electron- 
10 emissive elements along an underlying lower 
electrically non-insulating region. 

24. A method as in Claim 23 further including the 
step of forming the electron-emissive elements over the 

15 lower non-insulating region such that the electron- 
emissive elements are electrically coupled to the lower 
non-insulating region, each dielectric space being 
provided with a corresponding one of the electron- 
emissive elements. 

20 

25. A method as in Claim 24 wherein the forming 
step entails depositing material through the gate 
openings in a manner centered on the gate openings to 
at least partially form the electron-emissive elements. 

25 

26. A method as in any of Claims 23 - 25 wherein 
each electron-emissive element comprises electrically 
non-insulating material generally in the shape of an 
electron-emissive cone that points away from the lower 

30 non-insulating region. 

27. A method as in Claim 26 wherein each 
electron-emissive element further includes an 
electrically non-insulating pedestal situated between 

35 the lower non-insulating region and that element's 
cone. 
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28. 



A method as in any of claims 23 - 27 wherein: 

insulin PartiCleS alS ° P3SS thr ° U9h * ate — 

insulating layers during the causing step such that 

each track is an upper segment of a composite charged- 
5 particle track that includes a lower segment which 
extends through the insulating layer in line with the 
upper track segment; and 

the insulating layer is etched along the lower 
track segments. 

10 

steo 11' * A meth ° d " in Claim " fUrth6r inc ^ing the 
step of formmg the electron-emissive elements over the 

lower non-insulating region such that the electron- 
emissive elements are electrically coupled to the lower 
non-xnsulating region, each dielectric open space being 
provided with a plurality of the electron-emissive 
elements. 

" steps", , * '" th0d " e ^ " Eluding the 

distributing electron-e»issl,e particles over the 
lower no„-i„sulati„g region such that the particles are 
electrically coupled to it; and 

25 ... r !T Vln9 Part ° f ^ l0Wer "°n-i„s„lati„g region 
» using the particles as „s k s to protect underlying 

ZTZ " the , l0 " et in order to 

for. corresponding pedestals respectively below the 

. Parties, each electron-enlselve slcent coapri^g 



35 



31. A method comprising the steps of- 
creating a structure in which an electrically 

xnsu ating layer lies over a lower electrically non- 
nsulatxng region, an electrically non-in,„latLg gate 

layer l les over the insulating J ^ 
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lies over the gate layer; 

causing charged particles to pass through the 
track layer to form a multiplicity of charged-particle 
tracks therethrough; 
5 etching the track layer along the tracks to form 

corresponding apertures through the track layer; 

etching the gate layer through the apertures in 
the track layer to form corresponding gate openings 
through the gate layer; 
10 etching the insulating layer through the gate 

openings to form corresponding dielectric open spaces 
through the insulating layer; and 

forming a like multiplicity of electron-emissive 
elements over the lower non-insulating region such that 
15 each electron-emissive element contacts the lower non- 
insulating region through a corresponding one of the 
dielectric open spaces. 



20 



25 



30 



32. A method as in Claim 31 wherein: 
each dielectric open space is a pore; and 
the forming step comprises introducing 
electrically non-insulating filament material into the 
pores to form the electron-emissive elements as 
filaments. 



33, 



A method as in Claim 32 further including the 
step of removing material of the insulating layer 
exposed through the gate openings to form cavities 
situated around the filaments so that the filaments 
extend outward beyond the remainder of the insulating 
layer, the cavities extending at least partway down to 
the lower non-insulating region. 

34. A method as in Claim 31 wherein the forming 
35 step comprises: 

introducing electrically non-insulating pedestal 
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35. a method as in cia*™ •*>. v 
step !„«„„„, " the torata, 

steps, th n i "^ 1 ^ — Ptoviaing 

gate openings to fo™ ,. exposea through the 

-una the peaelt .Tso in ' Cavities 

outwera he y „ na the renei^ «« 
the oevitiee e«enai„, ,t lL« \ """"ting l.y«, 
insulating l, yer . ' " 1 *" t P art »'«' through the 

extenaing partwav „,„ *™ c °»Ptises ,a) . c , vity 

i*. -ppor 5 a b r:„:r° iatin9 uw — 

extenaing through th! , ° """"P™"". P°r. 

- oev lty , thetr?helT:^ a rth h * ^ * 
and y "grower than the cavity; 

"ectrte^-L^r" 5 W int "— 

Pores to f oL corr"™ " ^ ~ t - 1 ' 1 lnt ° «*• 

depositing eleotrloaT Peaestals «na (h, 

-oh that^e It IZieT 1 " 5 " 13 "" 9 °~ 
Poaestels generenv aC °'""' 1 "<* -er the 

•Lctron-eLs C L . '^T " 

oo„-i„sul,ti„, region! ' a " ay *»' ^ 

37. A method as in m • 
step co mprises depositing ::: t rL W n rein ^ 
cone material into the dLlect' ^""^-lating 

daelectrxc open spaces such that 
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the cone material accumulates over the lower non- 
insulating region generally in the shape of 
corresponding electron-emissive cones pointing away 
from the lower non- insulating region. 

5 

38. A method as in any of Claims 31 - 37 wherein: 
charged particles also pass through the gate and 

insulating layers during the causing step such that 
each track is an upper segment of a composite charged- 
10 particle track that includes a lower segment which 

extends through the insulating layer in line with the 
upper track segment; and 

the insulating layer is etched along the lower 
track segments. 

15 

39. A method as in any of Claims 31 - 38 wherein 
each electron-emissive element comprises (a) an 
electrically resistive portion situated over the lower 
non-insulating region and (b) an electron-emissive 

20 portion situated over the resistive portion. 

40. A method as in any of Claims 31 - 39 wherein 
the lower non-insulating region comprises an 
electrically conductive part and an electrically 

25 resistive part situated over the conductive part. 

41. A method comprising the steps of: 
creating a structure in which a first electrically 

insulating layer lies over a lower electrically non- 
insulating region, an electrically non- insulating gate 
layer lies over the first insulating layer, a second 
electrically insulating layer lies over the gate layer, 
a second electrically non-insulating layer lies over 
the second insulating layer, and a track layer lies 
over the second non-insulating layer; 

causing charged particles to pass through the five 
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^rged-plrtic "^ °T "V™**". -eh 

trick Uye r , -™*P—*-. apertures through th. 

etching the second non-insul»n~, , 
the apertures i„ ^ tree, ! y T e thr °° 9 '' 

— trachtz:^:™ 1 " 1 " 9 iw ai ° n * «- 

through the second insuLIng IZT"^ m - 

«- S et n ?L:x e zi ^ — - 

openings through the gste Lyor; -"^-^ «. 

etching the first insul.nL i 
*>te openings along the first tT I*"* ^ 
corresponding dielectric IT *° t0r » 

insulating layer; and ^ thr ° , " h ^ 

corres^ " ^ SM " S - 

io„er noLinsul^™:/ 1 — - ^ ~ 

42. A method as i n any of clai,™ n , 

the electron-emissive el * f ClaiDlS 17 " 41 herein 
emission mode. ele ™ e «ts are operable i„ field . 

43. A method that comprises *-h.> * . 

for manufacturing electr Jil l followi »9 steps 

causing charge P 1m cl V?" devi -: 

*m to form a muitip I^^Y*" 3 *«* 

ipiacity of charged-particle tracks 
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therethrough; 

creating corresponding apertures through the track 
layer by a procedure that entails etching the track 
layer along the charged-particle tracks; 

etching an underlying electrically non- insulating 
layer through the apertures in the track layer to form 
corresponding openings through the non-insulating 
layer; and 

etching an underlying electrically insulating 
layer through the openings in the non-insulating layer 
to form corresponding dielectric open spaces through 
the insulating layer down to an underlying lower 
electrically non-insulating region. 

44. A method as in Claim 43 further including the 
steps of: 

patterning at least part of the lower non- 
insulating region into a group of lower lines extending 
in a first direction; and 

patterning at least part of the non-insulating 
layer into a group of lines extending above the lower 
lines in a second direction different from the first 
direction. 

45. A structure comprising: 

a substrate for providing structural support; 

a patterned lower electrically non-insulating 
region comprising a group of generally parallel lines 
situated over electrically insulating material of the 
substrate; 

an electrically insulating layer situated over the 
lower non- insulating region; and 

a multiplicity of electron-emissive filaments 
respectively situated in corresponding pores extending 
through the insulating layer down to the lower non- 
insulating region, the lower end of each filament 
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contacting the lower non-insulating regi 



on. 
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46. A structure as in Claim 45 wherein the 
filaments extend above the insulating layer 

5 

47. A structure comprising: 

a lower electrically non-insulating region which 
comprises an electrically conductive portion and an 
electrically resistive portion situated over the 
10 conductive portion; 

an electrically insulating layer situated over the 
resistive portion; and 

a multiplicity of electron-emissive filaments 
respectively situated in corresponding pores extending 
through the insulating layer down to the lower non- 
msulating region, the lower end of each filament 
contacting the resistive portion. 

48. a structure as in claim 47 wherein the lower 
non-insulating region is a patterned layer comprising a 
group of generally parallel lines, each formed with 
segments of both portions of the lower non-insulating 
region . * 

25 49. a structure as in any of Claims 45 - 48 

further including a patterned electrically non- 
insulating gate layer situated over the insulating 
layer, gate openings which respectively correspond to 
the filaments being provided through the gate layer at 

30 locations generally centered on the filaments such that 
the filaments are separated from the gate layer. 

50. A structure comprising: 
a substrate for providing structural support; 
35 a lower electrically non- insulating region 

situated over electrically insulating material of the 
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15 



substrate ; 

an electrically insulating layer situated over the 
lover non-insulating region; 

a multiplicity of electron-emissive filaments 
respectively situated in corresponding pores extending 
through the insulating layer down to the lower non- 
insulating region, the lower end of each filament 
contacting the lower non- insulating region; and 

a patterned electrically non-insulating gate 
layer situated over the insulating layer, gate openings 
which respectively correspond to the filaments being 
provided through the gate layer at locations generally 
centered on the filaments such that the filaments are 
separated from the gate layer. 

51. A structure as in any of Claims 49 - 51 
wherein cavities which respectively correspond to the 
filaments are provided in the insulating layer along 
its upper surface at locations generally centered on 
the filaments, the cavities extending downward partway 
through the insulating layer, each cavity being wider 
than the corresponding pore so that each filament 
protrudes from its pore into the corresponding cavity. 

25 52. A structure as in any of Claims 49 - 51 

further including: 

a second electrically insulating layer situated 
over the gate layer; and 

a second electrically non-insulating layer 
30 situated over the second insulating layer, openings 
which respectively correspond to the filaments being 
provided through both second layers at locations 
generally centered on, and situated above, the 
filaments. 

35 
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53. a structure comprising: 

a lower electrically non-insulating metal region; 

ana 

a multiplicity of laterally separated electron- 
5 emissive elements contacting the lower non-insulating 
region, each electron-emissive element comprising (a) 
an electrically resistive portion situated over the 
lower non-insulating region and (b) a corresponding 

- p^r enlssive portion situated ° v ~ 

54. A structure as in claim 53 wherein the 
electron-emissive portion of each electron-emissive 

fl2 e Z 7 PriSeS 9 9eneraUy P ° inted tip * ointin * -ay 
from the lower non-insulating region. 

55. A structure as in Claim 53 wherein the 
electron-emissive portion of each electron-emissive 
element comprises material generally in the shape of a 
cone pointing away from the lower non-insulating 
region, the diameter of the cone at its base being 
greater than the ^ axilnuin di ter Qf ^ un 
resistive portion. 9 

56. a structure as in claim 53 wherein each 
electron-emissive element is generally in the shape of 
region. ^ ^ ^ ^^ting 

57. A structure comprising: 
a lower electrically non-insulating region; 
a multiplicity of laterally separated electron- 
emissive elements, each comprising (a) an electrically 
non-insulating p edestal situated over * 

plating region and (b, an electron-emissive portion 
situated over the pedestal ^ i ^ P°mon 
w*« peaestai, the electron-emissive 
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portion being generally in the shape of a cone that 
points away from the lower non-insulating region, the 
diameter of the cone at its base being greater than the 
maximum diameter of the pedestal. 

5 

58. A structure as in Claim 57 wherein the lower 
non-insulating region comprises (a) an electrically 
conductive part and (b) an electrically resistive part 
situated over the conductive part, the pedestals 

10 situated on the resistive part. 

59. A structure as in any of Claims 53 - 58 
further including: 

an electrically insulating layer lying over the 
15 lower non-insulating region, a like multiplicity of 
dielectric open spaces extending fully through the 
insulating layer, at least part of each electron- 
emissive element situated in a corresponding one of the 
dielectric open spaces; and 
20 a patterned electrically non-insulating gate layer 

lying over the insulating layer, a like multiplicity of 
gate openings extending fully through the gate layer, 
each electron-emissive element being exposed through a 
corresponding one of the gate openings. 

25 

60. A structure as in any of Claims 53 - 59 
wherein the electron-emissive elements are operable in 
field-emission mode. 
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[received * the ^mternat • "f*** CLAIM * 

r^i.iJraMSSed Si 0 " f ^bruaryy 1995 (28.02.95); 
1. A me^ZT remaining claims unchanged (1 page) 
method comprising the steps of: 

creating a structure in which an electrically 
insulating layer lies over a patterned lower 
electrically non-insulating region comprising a group 
of generally parallel lines situated over electrically 
insulating material of a substrate, a multiplicity of 
Pores extending through the insulating layer down to 
the lower non-insulating region; and 

introducing electrically non-insulating filament 
material into the pores to form respectively 
corresponding electron-emissive filaments therein, the 
lower end of each filament contacting the lower non- 
insulating region. 

step It s^ " ^ Clai ° 1 fUrth6r inclu «i»3 the 

step of sharpening the upper ends of the filaments to 
form sharpened tips. 

3. A method comprising the steps of: 
• creating a structure in which an electrically 

xnsulating layer lies over an electrically resistive 

that Ilso IT GleCtriCa11 * -n-insulating region 
that also includes an electrically conductive portion 
sxtuated under the resistive portion, a multiplicity of ' 
Pores extending through the insulating layer down to 
the resistive portion; and 

introducing electrically non-insulating filament 

it it the pores to form — ™* ei e :::L 

1SS1V ; fllanents the "^ the lower end of each 
filament contacting the resistive portion. 

insult * meth ° d ^ ^ Cla±1a 3 Wherein the ^wer non- 

Zll or re91 ° n ^ a layer C °»^* * 

group of generally parallel lines, each being formed 

with segments of both portions of the lower non- 
msulating region. 
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